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I. INTRODUCTION 

The halogens, with the exception of iodine, are among the few 
chemical substances which react readily with the paraffin hydro- 
carbons. Fluorine reacts with avidity, chlorine very vigorously, 
and bromine, while less energetic in action, usually substitutes 
with no great difficulty. Iodine, as a rule, does not react with the 
paraffins, but one instance of iodination has been reported. 

Direct fluorination has been studied only in the case of methane. 
Chlorination makes up the most voluminous, as well as the most 
important, chapter in the halogenation of the paraffins. The 
action of chlorine on all the normal hydrocarbons from methane 
to octadecane and a number of the compounds isomeric with 
these has been studied. Some of this work is of questionable 
value, because the supposedly pure hydrocarbons used were 
petroleum fractions. No matter how carefully prepared, there is 
reason to doubt the purity of such fractions, especially those of 
higher molecular weights, unless there is proof that they are 
chemical individuals. 

Although failure to react with bromine is used as a diagnostic 
property of the paraffin hydrocarbons, it is found that on vigorous 
treatment, as with the aid of light, heat, or such catalysts as 
iron, charcoal, or iodine, substitution by bromine generally takes 
place. It has been claimed that the reactivity of the hydro- 
carbons towards this halogen decreases with the increase in the 
length of the carbon chain. No certain evidence of this has been 
offered, although the hydrocarbons above decane that have been 
studied have been reported to show little or no reaction with 
bromine. 

Due to the availability of the lower paraffins, which abound in 
natural gas and petroleum, and the cheapness of chlorine, a con- 
siderable amount of study has been given to the industrial ap- 
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plication of chlorination. To some extent the chlorine derivatives 
of methane, particularly methyl chloride, are now manufactured 
from the hydrocarbon. The chlorination of pentane has de- 
veloped a new source of amyl alcohol, amyl acetate, and isoprene. 

Tt> general, haiogenation has been brought about by direct 
contact of the substituting element with the hydrocarbon, the 
latter in either gas or liquid form. Actinic light, heat, and 
catalysts have been extensively used to accelerate the reaction. 
Only a small amount of study has been given to the action on 
hydrocarbons of reagents containing loosely bound halogen, such 
as the chlorides and bromides of non-metallic elements. 

Considerable diffic ulties are encountered in halogenating hy- 
drocarbons, either for scientific purposes or in industrial practice. 
Chief among these are: the simultaneous formation of isomeric 
halides, rather than a single substance; the production of unde- 
sired polysubstitution products where monosubstitution is de- 
sired; and with chlorine, the danger of explosive reaction. Proper 
control of concentrations, temperature, and catalytic influences 
minimizes, though it does not entirely overcome, the first two 
difficulties; chlorination in the liquid phase, dilution of the 
hydrocarbon with carbon dioxide, nitrogen, steam, hydrogen 
chloride, or already chlorinated substances, and accurate regula- 
tion of the rate of addition of halogen greatly reduce the risk of 
explosion. 

Herzfelder (62) has made certain generalizations in regard to 
chlorination and bromination: 

"When into a monohalogen compound a second halogen atom is 
introduced, it always attaches itself to that carbon atom which is situ- 
ated next to the carbon atom already united with halogen. In the case 
of further substitutions this rule only holds for bromine, of which it is 
never possible, by other than violent means, to attach more than one 
atom to each atom of carbon. On the other hand, when a third atom 
of chlorine is introduced, it frequently attaches itself to a carbon atom 
that is already united with chlorine. 

“Bromides that already contain one atom of bromine united with 
each atom of carbon can not be easily further brominated; chlorides, 
however, take up more chlorine. A normal hydrocarbon, when brom- 
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mated by ordinary means, takes up as many atoms of bromine as it 
contains atoms of carbon; this was shown in the case of methane, 
ethane, propane, and also, although not with absolute certainty, in that 
of butane, hexane, and octane.” 

A study of the available experimental data on halogenation, 
however, leads one to the opinion that there is not sufficient 
evidence to justify such a sweeping statement. 

In this review hydrocarbon fractions have been presented as 
individual compounds with the names given them by the original 
investigators. Boiling ranges and densities have been cited 
wherever possible and comparison of these with the constants of 
the pure hydrocarbons allows one to estimate to some extent the 
validity of conclusions drawn from the experimental work. 

In many cases with both the hydrocarbon starting materials 
and the chlorinated products, the published identifications are not 
accurate. Recent work in hydrocarbon chemistry has shown how 
treacherous are hydrocarbon fractions, particularly from pe- 
troleum, when one is endeavoring to obtain pure substances, and 
how far they may be from single compounds even though boiling 
over narrow ranges and giving analytical values in harmony with 
supposed molecular composition. 

II. FLUORINATION 

The data available on the reaction of the paraffin hydrocarbons 
with fluorine are confined to two studies on methane. By passing 
a current of fluorine through a platinum tube into an atmosphere 
of this hydrocarbon Moissan (116) obtained a mixture of fluorine 
compounds from which he isolated carbon tetrafluoride. The 
reaction was accompanied by incandescence and deposition of 
carbon. 

Later Moissan and Chavanne (117) observed that on coming 
in contact with liquid fluorine at — 187°C. solid methane reacted 
with a bright flash and violent explosion. It was impossible to 
identify the products because the glass reaction tubes were 
“pulverized.” 
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III. CHLORINATION 

1. Methane and natural gas 

Chlorination of methane results in the formation of all the 
possible products— methyl chloride, dichloromethane, chloroform, 
and carbon tetrachloride. Bedford (14) reported that at low 
temperatures in the presence of actinic light each of these com- 
pounds forms in turn from the preceding member of the series, 
chlorine showing a slight preference for chloromethanes over the 
hydrocarbon itself. As a result, the product of reaction is usually 
not a singlft substance, but a mixture of several compounds. 
The relative proportions of the derivatives obtained are deter- 
mined largely by the ratio of chlorine to hydrocarbon in the 
mixture of reacting gases. Other conditions, such as small 
nhangfts in temperature or the presence of catalysts, have in- 
fluence in lesser degree. 

Martin and Fuchs (108) endeavored to calculate from ther- 
mochemical data the ratios which may be expected between the 
chloromethanes after the reaction of chlorine and methane. 
They believed that under the same conditions the ratio of the 
velocity constants of the successive stages of chlorination should 
be proportional to the number of hydrogen atoms displaced by 
chlorine. On the basis of these theoretical ratios (4: 3:2:1), the 
course of the chlorination of methane with time was calculated. 
The theoretical and experimental results were in agreement in 
the neighborhood of 300°; at higher temperatures, especially in 
the presence of catalysts which presented large surfaces, the 
more highly chlorinated products were formed in greater propor- 
tions than was demanded by theory. The work of other investi- 
gators has not borne out the hypothesis of Martin and Fuchs. 

Miiller (120) has suggested that in chlorination the methane 
and chlorine may first combine to form an addition compound, 
which then splits to a chlorine derivative and hydrochloric acid. 
During chlorination there is also a condensing action, resul ting 
in the formation from methane of halogen derivatives of hi gW 
hydrocarbons, especially of ethane. 

If the chlorination is not controlled, but allowed to cause a 



HALOGENATION OP PARAFFIN HYDROCARBONS 


7 


considerable elevation of temperature by reason of its exothermic 
nature, the course of the reaction changes. Substitution gives 
way to a disruptive process, producing free carbon and hydrogen 
chloride according to the equation: 

CH< + 2Cla = C + 4HC1 

The chlorination of methane has been accelerated in many 
different ways. Actinic light has been used frequently. Some 
investigators have employed catalysts, or used a chlorine hydro- 
carbon mixture raised to temperatures as high as 600°, or sub- 
jected the mixture to the silent electrical discharge. At times 
two or more of these methods of stimulating reaction have been 
allowed to act simultaneously. 

Photochemical chlorination, (c) Methane. S unligh t., diffused 
daylight, light from a carbon arc, from a metallic filament and 
from a mercury-vapor lamp, have been used to promote the 
chlorination of methane. In one study on natural gas (12) an 
interesting comparison of the influence of light of different wave 
lengths on chlorination was made. Blue light had by far the 
greatest accelerating effect. Most other colors, even ultra-violet, 
were ineffective. Some workers have recommended “ultra-violet 
lamps” as a source of activating light in chlorination. It is quite 
probable, however, that light from these lamps of wave lengths 
other than those of ultra-violet is the effective agent assisting 
reaction with the halogen. 

In most of the experimental work that has been reported the 
halogen and hydrocarbon were treated at room temperature. 
According to patent claims, however, where methyl chloride is 
sought the reaction chamber may be cooled, and in some work the 
chlorination has been carried out in the interstices between ice 
cakes. • 

D umas (42) observed that while methane and chlorine could 
be mixed in all proportions in the dark without any immediate 
action, the mi-ring of three volumes of chlorine and one of methane 
in daylight, even when diffused, produced a violent explosion. 
If the methane, however, was first diluted with an equal volume 
of carbon dioxide, the chlorine could be added without danger, 
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and when methane was permitted to diffuse downward into 
fiti Wina in the presence of sunlight, the reaction proceeded 
smoothly. Carbon tetrachloride and a smaller amount of 
chloroform were produced under these conditions. Attempts to 
produce methyl chloride by the action of either gaseous chlorine, 
antimony pentachloride, or phosphorus pentachloride upon 
methane were unsuccessful. 

Bischoff (18) found that a mixture of methane with twice its 
volume of chlorine exploded in bright sunlight, producing carbon 
and hydrogen chloride. If the light intensity was weakened by 
clouds, while the reaction occurred, carbon was not deposited and 
the residual gas had the odor of turpentine. Berthelot (16) also 
observed that the use of diffused sunlight was necessary in order 
to obtain normal chlorination, as direct sunlight nearly always 
caused explosion. 

A little later, Kolbe and Varrentrap (82) noted that in diffused 
light equal volumes of dry methane and chlorine were converted 
into equal volumes of hydrogen chloride and a chlorine-contain- 
ing, combustible gas. They were unable to decide whether this 
was “actually methyl chloride or an isomeric compound.” 

In contrast with previous observations, Phillips (129) reported 
that “a mixture of methane and chlorine was exposed over water 
to bright sunshine on a July day without undergoing any notice- 
able contraction in volume or change in color.” He claimed that 
chlorine attacked methane only at temperatures considerably 
above 100°. 

Whiston (192) mixed chlorine and methane in various propor- 
tions in the dark and exposed the mixtures to daylight admitted 
through glass windows. In a mixture of 2.75 volumes of methane 
to 1 volume of chlorine, he found that not more than 25 per cent 
of the chlorine reacting went to form methyl chloride, while from 
a mixture of equal volumes of the two gases only 10 to 13 per cent 
of the chlorine appeared in the monohalogenated product. 
Whiston did not determine the amounts of dichloromethane, 
chloroform, and carbon tetrachloride produced. 

In preliminary experiments Whiston (192) found that in 
mixtures containing two volumes of methane to one of chlorine 
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there was no action in the dark, a slow combination under the 
influence of light from an ordinary 60-watt metallic filament 
lamp placed 30 cm. from the reaction vessel, and a much more 
rapid reaction when an arc light was used. If a very small 
amount of nitrosyl chloride was present, practically no action 
took place even in the strongest light. 

Homer (138) found that methane when ill umina ted was chlori- 
nated more readily than hydrogen in a mixture of the two gases. 
He found it impossible, however, to predict the partition of the 
chlorine between the gases from a study of the velocity of their 
individual reactions. 

(&) Patents on photochemical chlorination of methane. The 
industrial interest taken in the photochemical chlorination of 
methane is shown by the number of patents which have been 
issued on this subject. Elworthy and Lance (46) claimed to be 
able to prepare chloroform by mixing “suitable proportions” of 
methane and chlorine, adding an inert diluent as nitrogen or 
carbon dioxide, and subjecting the mixture to the action of 
sunlight or other suitable illumination in a series of thick-walled 
glass tubes. The dilution was said to eliminate all danger of 
explosion. 

By Walter’s process (189) methane was mixed with a corre- 
sponding quantity of chlorine and exposed in air-cooled glass tubes 
to light of gradually increasing intensity. It was stated that the 
reaction could also be carried out satisfactorily in a tower-like 
reaction chamber in which the light source was overhead. Walter 
claimed that by working with a gas mixture consisting of one 
volume of methane to four of chlorine about 45 per cent of the 
weight of chlorine was used, and methyl chloride, dichloro- 
methane, and chloroform as well as carbon tetrachloride were 
formed, the proportions varying with the quantity of chlorine 
and the reaction temperature. 

Snelling (172) introduced mixtures of methane and chlorine, 
which would ordinarily be explosive, into dome-shaped glass 
vessels two feet in diameter and five feet high, and exposed them 
to intense light. He claimed that explosion was prevented by 
convection currents set up by the heat liberated in the reaction. 
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The reaction was started at a low rate of gas flow, and after it 
had commenced the mixture of methane and chlorine was ad- 
mitted at rates up to 60 liters per minute with complete and quiet 
combination. The products were dichloromethane, chloroform, 
and carbon tetrachloride. 

In a variation of this process, Snelling (170) passed mixtures 
of m ethane and chlorine through three parallel series of trans- 
parent, dome-shaped reaction vessels (171). As the gas advanced 
through the apparatus it was exposed to actinic light (as from 
mercury-vapor lamps) of gradually increasing intensity. 

According to another patent (173) of Snelling, chlorine was 
mixed with an excess of methane, reaction brought about, and 
the resulting gases brought in contact with a solvent for removing 
the methyl chloride, such as oil or carbon tetrachloride, which is a 
relatively poor solvent for the unhalogenated hydrocarbon. The 
residual methane was then retreated, and the circulation 
continued. 

Riesenfeld (136) developed an apparatus for chlorinating 
methane with provision for preventing sudden increase or 
stoppage of the flow of the gas-mixture into and out of the reac- 
tion chamber, which would be likely to cause explosion. He also 
claimed that he could regulate the chlorinated product by varying 
the speeds of flow of methane and chlorine. Reaction of equal 
volumes of the gases was said to give 80 per cent of methyl 
chloride, 10 per cent of dichloromethane, and small amounts of 
chloroform, carbon tetrachloride, and hexachloroethane. When 
the chlorine-methane ratio was between 3 : 1 and 6:1, the product 
consisted of 6 per cent of chloroform, 42 per cent of carbon 
tetrachloride, and 10 per cent of chloroethanes. 

Leiser and Ziffer (99) aimed to obtain mainly methyl chloride 
by rapidly passing a mixture of one volume of chlorine to six of 
methane through four reaction chambers of progressively increas- 
ing size. During the passage, the reacting gases were exposed to 
fight from mercury-vapor lamps extending axially through the 
chambers. Addition to the gas mixtures of small amounts of 
hydrogen chloride proved advantageous, while a small amount 
of water vapor seemed to prevent the undesired disruptive reac- 
tion to hydrogen chloride and free carbon. 
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The Goldschmidt A.-G. (56) patented a process for the produc- 
tion of methyl alcohol and dichloromethane, which consisted in 
chlorinating methane and treating the chlorinated product under 
pressure with milk of lime. Methyl alcohol was formed by action 
of the milk of lime on methyl chloride and was carried away dis- 
solved in the lime suspension, while the dichloromethane was 
carried by the gas stream and later separated by cooling to low 
temperature. 

(c) Natural gas. By employing Dumas’s method (42) of 
allowing chlorine and the hydrocarbon gas to mix slowly by 
diffusion while exposed to sunlight, Melsens (109) prepared 
carbon tetrachloride from marsh gas and thus proved its identity 
with methane produced from the acetates. 

Baskerville and Riederer (12) made the study already referred 
to concerning the wave length of light used to speed the reaction of 
natural gas and chlorine mixtures. The radiation from a “Uviol” 
ultra-violet lamp was found to have no noticeable effect on the 
chlorination. Light from either an unscreened carbon arc or 
from the arc screened with blue accelerated the reaction, but the 
interposition of green, yellow, or red screens decreased the rate of 
chlorination almost immediately. When the blue screen re- 
placed these, the reaction was at once reaccelerated. The screen- 
ing-out of the other colors was of no assistance to the chlorination, 
as the inactive red, yellow, and green rays had little, if any, 
interfering influence. In other experiments natural gas mixed 
with chlorine was heated and passed into a reaction chamber 
consisting of a cruciform glass tube, through two opposite arms of 
which a quartz tube containing iron terminals was inserted, 
across which an arc was struck. A yield of approximately 20 to 
25 per cent of the methane as chloroform and carbon tetrachloride 
mixture was obtained. 

Tolloczko (182) chlorinated natural gas in the outer jacket of an 
ultra-violet lamp constructed in the form of a Liebig condenser. 
The reaction proceeded continuously at 80-100° without explosion, 
even with equal volumes of natural gas and chlorine, but more 
slowly with the lamp than in sunlight (183). An excess of 
natural gas (natural gas: chlorine =1.2:1) gave with double pass- 
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age of the gases between the walls of the ultra-violet lamp, a 
yield of 1.53 grams of oil and 0.38 grams of gaseous products per 
liter of natural gas. The volatile products consisted mainly of 
methyl chloride and dichloromethane. The oily portion was 
separated into dichloromethane and chloroform, which in nearly 
equal amounts made up 75 per cent of the oil, carbon tetrachlo- 
ride, diehloroethane, ethylene dichloride, and tetrachloroethane. 
Chlorination with an excess of halogen yielded solid hexachloro- 
ethane as well as oily products. 

Bedford (14) exposed a mixture of natural gas and chlorine, 
confined over water at room temperature, to light from a “white 
flame arc,” and then cooled the gas by shaking with the water. 
He found that for the production of the lower chloro derivatives 
of methane, the chlorine should be added in small increments, 
and after each addition the reaction should be completed and the 
heat of reaction dissipated before more chlorine was used. 

In order to obtain better cooling and to prevent the formation 
of carbon tetrachloride, Bedford later carried out the chlorination 
in the interstices between cakes of ice in a large Woulff bottle. 
The reaction was started by means of the white flame arc in a 
mixture containing about 12.5 per cent by volume of chlorine. 
The hydrocarbon gas and chlorine were then admitted in regu- 
lated amounts to the Woulff bottle while the reaction proceeded. 
Bedford obtained 166 cc. of a mix ture of dichloromethane and 
chloroform from 2.6 cubic feet of natural gas. This was equiv- 
alent to about 17 gallons per 1000 cubic feet. 

In a large wooden reaction chamber provided with a plate glass 
window through which the mixture was exposed to light from the 
white flame arc, 250 cubic feet of natural gas was consumed at 
a rate of 14 to 30 cubic feet per hour, and gave several gallons 
of product, which was separated under water. The product con- 
tained 35 per cent by volume of dichloromethane, 35 per cent of 
chloroform, 5 per cent of carbon tetrachloride, and 20 per cent of 
chloroethanes. About 14 per cent of the reaction product dis- 
solved in the water resulting from the melting of the ice by the 
heat of the reaction. This portion of the product contained 61 
per cent of dichloromethane, 28 per cent of chloroform, 1.5 per 
cent of carbon tetrachloride and 6 per cent of chloroethanes. 
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Bedford (15) patented the process of chlorination in the inter- 
stices between cakes of ice. He claimed that methyl chloride was 
the main product when the reaction chamber was full of cakes of 
ice. The use of finely cracked ice reduced the speed of chlorina- 
tion and favored the formation of dichloromethane. Higher 
average temperature produced approximately half dichlorome- 
thane and half chloroform. 

Patents of Snelling (167, 168) employed actinic light, the in- 
tensity of which increased as the gases moved through the ap- 
paratus. Natural gas containing ethane and propane as well as 
methane was passed, together with chlorine, toward sunlight or 
some artificial actinic light in reaction vessels containing a series of 
transparent baffles. In this way the mixture richest in chlorine 
was exposed to light of the least intensity. The temperature 
within the reaction cell was controlled and the reaction mixture 
diluted if desired by an inactive gas such as steam, carbon dioxide, 
nitrogen, or highly chlorinated (169) hydrocarbons. 

Thermal chlorination. In some methane chlorinations, par- 
ticularly processes covered in patents, reaction has been assisted 
by heat. The low limit of effectiveness of heat appears to be 
about 250°, and work has been reported up to as high as 500°. 
In the presence of light the reacting gases have also sometimes 
been heated, but to lower temperatures. 

Jones, Allison and Meighan (76) reported the beginning of 
chlorination in the dark at 250°. Lacy (88) stated that a chlo- 
rinated product consisting mainly of methyl chloride was ob- 
tained by passage of an excess of methane mixed in the cold with 
chlorine (a ratio of ten volumes of methane to one of chlorine was 
suggested) through a reaction vessel of glass, quartz, porcelain, 
or earthenware maintained at a temperature of about 400°. 

In further patents Lacy (89, 95) claimed that both methyl 
chloride and dichloromethane were formed by the use of from four 
to eight volumes of methane to one of chlorine. Moreover the 
heat developed by the reaction was sufficient to maintain the gas 
mixture at a temperature of 400-600°. Use of a porous contact 
material in the reaction chamber accelerated the heating of the 
incoming gases and increased the velocity of reaction. 
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Lacy (96, 97) also found that reaction could be effected by 
m bring chlorine at ordinary temperatures with an excess of 
methane, and then introducing an additional quantity of the 
hydrocarbon at an elevated temperature. An apparatus (92) 
was proposed which comprised an iron shell lined with “acid 
tile” brick or silica, surrounded by a flue, and heated by gas. 
A filling of ground flint was placed between the shell and the 
lining. Conditions and temperatures were regulated so that 
any chlorine which diffused into the flint filling reacted with 
methane before reaching the iron shell. The operating tempera- 
ture suggested was 400-500°. In an example (93) chlorine was 
mixed with five times its volume of methane at ordinary tem- 
perature, while ten volumes of methane was heated separately to 
370°, and mixed with the cold chlorine-methane mixture. Methyl 
chloride and a small amount of dichloromethane were produced. 

According to Carter and Coxe (31) the more highly chlorinated 
products of methane were produced by passing a mixture of 
methyl chloride, methane, and chlorine through a reaction 
chamber kept at a high temperature, usually about 400-500°. 
The li mi ti n g temperatures for the reaction were stated to be from 
350° to somewhat below 800°. 

The reaction was started by heating a mixture of the three sub- 
stances. It was kept in operation by continuously adding to the 
system chlorine and methane in the volume ratio of 2:1. From 
the reaction products the dichloromethane, chloroform, and car- 
bon tetrachloride were removed by condensation; the methyl 
chloride and residual methane were recirculated with the added 
gases. The product removed contained about 80 per cent of 
dichloromethane, 15 per cent of chloroform, and 5 per cent of 
carbon tetrachloride. 

In a patent of Payne and Montgomery (123) one volume of 
moist hydrocarbon gas — still gas, natural gas, or a mixture — was 
brought into contact with three or more volumes of ^hl^ri ne at 
150° in the presence of porous solid material made by chlorinating 
(122) a light paraffinic oil until it ceased to evolve hydrogen 
chloride. The gas was then run in, and the vessel illuminated. 
It was claimed that even with the high proportion of chlorine 
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used and the large amounts of higher paraffins and unsaturated 
hydrocarbons in the gas treated, practically no solid compounds, 
such as hexachloroethane, were formed. 

Catalytic chlorination. The chlorination of methane has been 
carried out in the presence of a variety of catalysts, including 
salts, notably halides, metals, and carbonaceous materials. The 
results obtained, however, cannot be attributed solely to the 
catalysts, since most of the chlorinations have been carried out at 
temperatures of 300° and above, where heat alone can cause 
reaction. No systematic work has been reported showing accu- 
rately the effect these catalysts have on the course or speed of the 
chemical action. 

(a) Metallic salts and metals. Halides of the metals have been 
employed more than any other class of catalytic substances to 
facilitate the chlorination of methane or natural gas. The sub- 
stances which have been used are ferric chloride, silver chloride, 
“partially reduced” cupric chloride, al uminum chloride, man- 
ganous chloride, antimony pentachloride, molybdenum penta- 
chloride, coke impregnated with the chlorides of platinum, zinc, 
cadmium, tin, and lead, and nickel nitrate. In patents the use 
of alkaline earth chlorides, zinc chloride, and thallic chloride is 
claimed; and sodium, cadmium, zinc, arsenic, or phosphorus in 
vapor form, are specified as chlorination catalysts. 

(1) Methane. Pfeifer, Mauthner and Reitlinger (127) re- 
ported a series of experiments on the chlorination of nearly pure 
methane in the presence of antimony pentachloride and ferric 
chloride. The hydrocarbon was free from olefins and thoroughly 
dry, but contained small amounts of oxygen and nitrogen. It 
was mixed with chlorine and reacted by passage through a quartz 
tube heated in an electric oven at 360-400®. The gaseous 
products of the reaction were passed through two spiral condensers 
(the first cooled by water and the second by alcohol and solid 
carbon dioxide at a temperature of —35° to —45°). The dis- 
tillate which collected in the first receiver consisted of diehloro- 
methane, chloroform, and carbon tetrachloride, while that in the 
second receiver was mainly methyl chloride. The results are sum- 
marized in table 1. 
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In the presence of ferric chloride, with methane and chlorine in 
the volume ratio of 2:1, 85 per cent of the chlorine entered the 
reaction and gave 30.1 per cent of the possible yield of methyl 
chloride calculated on the basis of chlorine. Dichloromethane 
and chloroform were also formed in about equal amounts. By 
increasing the methane-chlorine ratio to 3:1, the yield of methyl 
chloride was brought up to 40 per cent of the theoretical, calcu- 
lated on the basis of chlorine used. 

To obtain carbon tetrachloride as the chief product, a large 
excess of chlorine was necessary. But since the use of more 
chlorine than methane when the gases were mixed by themselves 
caused explosion, the chlorine was diluted with nitrogen. With a 
gas mixture of one volume of methane, two of nitrogen, and three 


TABLE 1 

Catalytic chlorination of methane 
(Pfeifer, Mauthner and Reitlinger) 


CATALYST 

RATIO OP 

CBU TO 
Cl» 

CHLORINE 

REACTING 

CHLORINE IN PRODUCTS 

PER CENT OP TOTAL USED 


CH*C1 

CHsCL 

CHCl* 

ecu 

SbCls 

m 

per cent 

64 

0 

5.8 

20.3 

5.9 

FeCI, 


83.6 

Trace 

13.25 

22.2 

6.35 

FeCls 

m 

86.4 

5.8 

15.7 

21,7 

0 


of chlorine, carbon tetrachloride and chloroform only were 
obtained. 

Schleede and Luckow (141) passed mixtures of methane and 
chlorine through quartz or glass tubes (electrically heated at 
about 400°) with and without catalysts. When the gases were 
mixed in molecular proportions, inflamma tion occurred at first, 
but the flame gradually died out. The flame remained when an 
excess of chlorine was used. In an excess of methane ignition 
was not observed, but the chlorine was utilized quantitatively 
only if the temperature was below a certain value, which de- 
pended on the composition of the mixture and its rate of flow. 
These investigators obtained all the ehloromethanes and, in addi- 
tion, considerable amounts of chlorine derivatives of higher 
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hydrocarbons. If the rate of flow was considerably below that 
causing the ignition, an increased production of chloroform, 
carbon tetrachloride, or substances of similar boiling point, at the 
expense of methyl chloride and dichloromethane, was observed. 

The results were not modified appreciably when the minimum 
reaction temperature was exceeded by as much as 100°, when the 
heating zone was increased or diminished, or when ferric chloride, 
molybdenum pentachloride, or antimony pentachloride were 
present as catalysts. The relative proportions of the chlori- 
nated methanes were not those to be expected according to the 
relationship of Martin and Fuchs (108). 

These workers considered that the most probable reason for the 
difference was that the reactions followed a route different from the 
step-wise series of substitutions usually postulated. Methane 
might first dissociate, and chlorine then react with the fragment. 
Methane might also react with a chlorinated derivative to give a 
homolog according to the following equations: 

CHjCl + CH 4 = CaH« + HC1 
GHsCls + OH, = CHjCHjCl + HC1 
2CH.C1 = CHjCHaCl + HC1 

CH,Clj + CHaCl - ClCHjCHaCl (or CH 3 CHCI S ) + Ha 

This explanation would account for the presence of halogen 
derivatives of the higher paraffins among the reaction products. 

Tanaka (178) observed silver chloride to be an effective catalyst 
for the chlorination of methane in the presence of ultra-violet light. 

In Boswell and McLaughlin’s (21) study on the optimum 
yield of methyl chloride, 80 per cent or more, on the basis of the 
chlorine used, was obtained when moist nitrogen, methane, and 
chlorine in the volume ratios 70:7:1 were passed at 450° over 
pumice impregnated with cupric chloride. The catalyst was 
previously “reduced about three-quarters of the way to the 
cuprous condition” by nine hours heating at 450° in a current 
of moist nitrogen. From 10 to 15 per cent of the chlorine went to 
form dichloromethane, but the formation of chloroform or carbon 
tetrachloride was negligible. 

Carbon tetrachloride in 90 per cent yield, free from other chlo- 
romethanes, was obtained by passing methane and chlorine in 
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approximately theoretical proportions (1 : 4) over a fresh sample 
of the cupric chloride catalyst prepared as stated. 

(2) Patents. Heifer and Mauthner (126) obtain all the chlo- 
rine derivatives of methane by causing mixtures of chlorine and 
this hydrocarbon, proportioned according to the product desired, 
to react at a temperature of 150-600° in the presence of free 
metals or salts of metals which exhibit two valencies, such as iron, 
copper, or antimony. 

The Holzverkohlungs Industrie A.-G. and Roka (64, 66, 137) 
used as catalysts cupric chloride, ferric chloride, and halides of 
the alkaline earth metals, particularly calcium or magnesium 
chloride, employing the salts either alone or diluted with a porous 
carrier. They used steam as a diluent to moderate the violence of 
the reaction and at the same time to supply, when necessary, heat 
for its initiation. From two to five volumes of steam per volume 
of chlorine were mixed with sufficient methane to give the 
products desired. The reaction temperature was kept between 
100° and 650°, being usually about 400-500°. Other diluents 
(68, 69) recommended were hydrogen chloride, carbon dioxide, 
and nitrogen. 

According to another patent (67) of the same firm, methane and 
chlorine were passed into a liquid medium of high boiling point, — 
for instance, fused zinc chloride or potassium bisulfate, or mixtures 
of the chlorides of the alkali or alkaline earth metals of suitable 
melting point. The chlorination was aided by addition of 
catalysts such as ferric chloride or cupric chloride. The gases 
were mixed without a diluent and were kept below the tempera- 
ture of reaction until they entered the fused medium. With proper 
regulation of the gas stream and use of suitable reaction vessels 
to prevent local overheating, the reaction proceeded quietly and 
gave good yields. From one mole of chlorine and two moles of 
methane, passed into a reaction vessel cont aining potassium 
bisulfate at 320°, about half of the theoretical yield of methyl 
chloride was obtained, together with relatively small quantities of 
dichloromethane and chloroform. 

Poldnyi and von Bogdandy (131) claimed to produce methyl 
chloride by adding a small amount of sodium, cadmium, or aine 
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in vapor form to a mixture of methane and chlorine. The use of 
arsenic and phosphorus (132) was reported in another patent. 
It was assumed that the reaction was due to the liberation of 
atomic chlorine by the action of the metal vapor. 

(3) Natural gas. Tolloczko and Kling (183) chlorinated 
natural gas at as low a temperature as possible in the presence of 
pumice, alone or impregnated with cupric or manganous chlo- 
ride. In experiments with an excess of chlorine, a Jena glass 
tube 1 meter long was filled with pumice and heated to 400° in 
an electric furnace. At a gas velocity of 2.5 liters per hour, the 
yield of chlorinated material was about two grams per liter. The 
chlorinated products were separated by distillation into two main 
fractions, one boiling from 75-150°, and the other above 150°. 
The more volatile fraction consisted of 78 per cent of carbon 
tetrachloride, 14 per cent of tetrachloroethane and smaller amounts 
of hexachlorobenzene and hexachlorobutadiene. 

Natural gas was also chlorinated in the presence of pumice 
soaked with cupric or manganese chloride. The copper salt 
proved the better catalyst, allowing a considerable lowering of 
temperature and increase in speed of gas flow over that feasible 
when no catalyst was present. From two passages of the gas 
mixture through a tube at 300° using half as much chlorine as 
natural gas, and passing the mixture twice through the apparatus, 
there was obtained, per liter of natural gas, 0.79 gram of oil and 
0.35 gram of gaseous products. In the latter methyl chloride and 
dichloromethane predominated, with a little ethyl chloride also 
present. The oil contained chloroform, carbon tetrachloride, 
tetrachloroethylene, and acetylene tetrachloride, and in the 
fraction boiling above 165°, diehloroethane. The presence of its 
higher homologs was thought to induce the chlorination of 
methane, since only a slight reaction was said to take place when 
the pure hydrocarbon was used in place of natural gas. 

Gamer (53) reported that 1000 cubic feet of natural gas when 
passed through a tube containing clay, pumice, infusorial earth, 
or aluminum chloride as catalyst at a temperature of 270-290° 
and treated with 526.4 pounds of chlorine gave 51.34 pounds of 
carbon tetrachloride> 189.8 pounds of chloroform, 62.86 pounds of 
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dichloromethane and 13.06 pounds of methyl chloride. With 
metallic iron or ferric chloride as catalyst both dichloromethane 
and methyl chloride could easily be converted into chloroform 
and carbon tetrachloride. 

Gault and Benlian (65) have published preliminary results on 
the chlorination of natural gas of Vaux, France. Equal volumes of 
the gas and chlorine were passed over a ferric chloride catalyst in 
the dark at temperatures ranging from 245-415°. They obtained 
a mixture of the four chloromethanes. 

Jones, Allison and Meighan (75, 76) chlorinated Pittsburgh 
natural gas, which contained 89.5 per cent of methane, 10.1 per 
cent of ethane, and 0.4 per cent of nitrogen, by passing mixtures 
with chlorine over such catalysts as metals, salts, and carbon in a 
glass tube heated in an electric furnace. The reaction began 
when the catalyst temperature was slightly below 250°. At this 
temperature the chlorine reacted with the ethane in preference to 
methane. The most suitable temperature found was 400°. After 
the reaction had started, very little application of heat was neces- 
sary to maintain the temperature. The greater the rate of gas 
flow, the less the heating required. 

If the temperature of the reaction chamber rose above 500°, 
the velocity became explosive and the only products were carbon 
and hydrogen chloride. These investigators stated that “the 
heat control of the reaction is the important phase of the problem 
that must be solved before the work can be placed on a plant 
basis.” 

The catalysts most suitable for chloroform production were 
coke, impregnated with nickel nitrate or with chlorides of plati- 
num, zinc, cadmium, iron, or tin. Using platinized coke, 50 
per cent of the natural gas was converted into chloroform and 34 
per cent into other chlorinated products. The highest yield of 
methyl chloride, 31 per cent of that possible on the basis of the 
natural gas used, was obtained by the use of two volumes of 
chlorine to one of natural gas in the presence of cokes impreg- 
nated with nickel, tin, or lead. Addition to the gas of a small 
amount of moisture, up to about 1 per cent, was said to promote 
the chlorination, although the data reported showed no decided 
effect. 
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(6) Carbonaceous materials. Activated charcoal, animal char- 
coal, and animal charcoal mixed with finely divided calcium 
oxide have been used in methane and natural gas chlorination, at 
temperatures up to 400°. The effectiveness of these materials 
appears due in part, at least, to their ability to absorb large quan- 
tities of chlorine. 

(1) Methane. Schleede and Luckow (141) observed that the 
production of carbon tetrachloride and of highly chlorinated 
derivatives of higher hydrocarbons from methane at 400° was 
increased by the use of activated charcoal. 

Curme (37) also reported the chlorination of methane by 
passing it mixed with chlorine over activated charcoal. The 
proportion of chlorine, which was usually from 5 to 30 per cent 
of the gas mixture, was varied according to the product desired. 

Huff (70) pointed out that in the chlorination of methane in the 
presence of a charcoal catalyst the absorption of the heat de- 
veloped presents difficulty because of the high reaction heat and 
the low thermal conductivity of charcoal. As a possible solution 
of this problem, he suggested that the catalyst be mounted upon 
the inside of a reaction tube surrounded by a liquid of high heat 
capacity kept in motion, or that use be made of the latent heat of 
vaporization of an atomized liquid carried into the reaction 
chamber by the gas. He favored, however, making the contact 
time of the gas with the catalyst brief, and alternating with cool- 
ing periods. He employed a short electrically heated contact 
grid to hold the catalyst. 

A process of Mallet (107) carried out the reaction of chlorine 
with methane at a temperature between 30° and 90° in the pres- 
ence of animal charcoal or other porous material, to give chloro- 
form, dichloromethane, and carbon tetrachloride. 

According to Yoneyama and Ban (197) methyl chloride was 
prepared easily without explosion by passing dry methane and 
chlorine at the respective rates of 3 and 5.5 liters per minute, over 
a catalyst composed of a mix ture of animal charcoal and finely 
divided calcium oxide at 250°. 

(2) Natural gas. Phillips (130) caused natural gas (containing 
95.4 per cent of methane) and chlorine to react in glass combus- 
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tion tubes, empty or containing bone-black, sand, or asbestos. 
Usually the tubes were heated to the lowest temperature which 
would cause the color of the chlorine to disappear. Phillips 
found that the tendency was always toward the formation of 
methyl chloride and carbon tetrachloride, and that dichloro- 
Tnftt.hfl.np. and chloroform were normally produced in relatively 
small quantities. He believed, therefore, that the manufacture 
of chloroform from natural gas would prove difficult. 

At about 400° and using a large excess of chlorine and activated 
charcoals or “batchite” (98) (a material made from anthracite), 
Jones, Allison and Meighan (76) also obtained from natural 
gas large amounts of carbon tetrachloride and hexachloroethane, 
and relatively small quantities of chloroform. 

MacKaye (106, 106) claimed to be able to produce chloro- 
hydrocarbons, including chloroform and carbon tetrachloride, 
continuously on a commercial scale, by mixing natural gas or 
methane and chlorine at a controlled temperature in a chamber 
containing granulated porous material such as coke, which had 
been treated to remove its sulfur and iron content. The mixture 
was then drawn into a reaction zone also cont aining this catalyst 
material, whore it was subjected to a temperature of between 
250° and 600°, depending upon the speed of gas flow and the 
relative purity of the reactants. The proportions of methane and 
chlorine and the temperature of the reaction chamber were ad- 
justed according to the product desired. Cooling means were 
provided to prevent the return of reaction products into the 
mixing chamber. 

Gamer and Clayton (54) mixed natural gas with chlorine at 
room temperature in the first half of a reaction chamber filled 
with freshly calcined vegetable or animal charcoal, and then 
passed the gaseous mixture over more of the catalyst in the second 
section of the chamber, heated to about 300°. In an example, 50 
volumes of natural gas containing 84.7 per cent of methane, 9.4 
per cent of ethane, 3.0 per cent of propane, and smaller amounts 
of other paraffins were allowed to react with 33 volumes of chlo- 
rine. All of the chloromethanes and derivatives of ethane as well 
were obtained. 
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Sper (175) covered very indefinitely the chlorination of satu- 
rated hydrocarbons, including methane and ethane, by mi-ring 
them with sufficient chlorine to produce the desired derivative 
and passing the mixture through a reaction chamber filled with 
small pieces of graphite and maintained at “the temperature 
necessary for the reaction.” 

(c) With chemical chlorinating agents. A few patents cover 
the chlorination of methane by reagents which liberate chlorine. 
Phosgene, sulfuryl chloride, or antimony pentachloride have been 
mixed with the hydrocarbon and the mixtures exposed to tem- 
peratures within the range of 250-450°, producing chiefly methyl 
chloride. Cupric chloride alone and hydrochloric acid in the 
presence of oxygen are also used similarly. 

For the preparation of methyl chloride Hochstetter (63) pro- 
posed to conduct a mixture of methane and phosgene, in the 
volume ratio 3:2, over finely divided charcoal in porcelain tubes 
maintained at 400°. The reaction product was cooled, passed 
through water to absorb the hydrogen chloride, and the methyl 
chloride condensed by cooling under pressure. 

Electrochemische fWerke, Bosshard, Steinitz und Strauss (44) 
pass sulfuryl chloride and methane mixed in the ratio of 16 : 135 by 
weight, through an iron tube containing a catalyst, such as 
charcoal, metals, ‘or metal halides, at a temperature of 300- 
450°. It is stated that the substances produced can be separated 
easily: hydrogen chloride and sulphur dioxide may be removed by 
absorption in water, chloroform and carbon tetrachloride by con- 
densation at ordinary pressure, and methyl chloride and dichloro- 
methane by condensation under increased pressure. By this 
process a conversion of 30 to 35 per cent of the methane used into 
methyl chloride, and 15 to 20 per cent into a mixture of diehloro- 
methane and chloroform, is claimed. 

The Holzverkohlungs-Industrie A.-G. (65, 85) allows methane 
to react with antimony pentachloride at temperatures of 300- 
350° in the presence of refractory clay or pumice to aid contact of 
the two substances. The product is largely methyl chloride with 
small amounts of dichloromethane and chloroform. The anti- 
mony trichloride formed during the chlorination is condensed, 
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rechlorinated, and returned to the reaction chamber. The use of 
catalysts permits the temperature to be lowered to 250°. Among 
the catalysts usable are the chlorides (85) of iron, copper, or 
ffllftinm, preferably precipitated upon substances presenting a 
large surface, such as charcoal, refractory clay, or pumice. 

Kirause and Roka (86) reported the chlorination of methane, 
alone or mixed with other gases, by treating it with a mixture of 
hydrogen chloride, steam, and oxygen at temperatures between 
300° and 650°, preferably at 450-550°. Reaction was promoted 
by carbon, cupric chloride, ferric chloride, thallic chloride, the 
chlorides of the alkaline earths and of the rare earth metals. 
From 60 to 80 per cent of the chlorine of the acid used appeared 
in the chloromethanes produced. 

The I. G. Farbenindustrie A.-G. (71) also claimed to produce 
chloromethanes by passing a mixture of methane, oxygen, and 
hydrogen chloride over cupric chloride at 300-450°. 

Tizard, Chapman and Taylor (181) passed methane over 
cupric chloride heated at 430-500°. When the halide became 
inactive through conversion to cuprous chloride it was regenerated 
by treatment with chlorine. The four chloromethanes were 
formed in proportions depending upon the temperature employed 
and the rate of flow of hydrocarbon. Slow flow and high tem- 
perature favored the formation of carbon tetrachloride and 
chloroform. 

Electrical chlorination. The silent electrical discharge and 
electric sparks have been used to some extent as activating 
agents in the chlorination of methane or natural gas. 

(а) Methane. Pfeifer and Szarvasy (128, 177) proposed in a 
patent the employment of the silent discharge with methane. 
Either chlorine or a substance which would liberate the halogen 
(128) in the discharge space was used and the discharge was some- 
times aided by light, heat, or catalysts. Under this treatment a 
mixture of equal volumes of methane and chlorine was reported 
to produce all the chloromethanes. 

(б) Natural gas. Baskerville and Riederer (12) observed that 
a mixture of chlorine and natural gas, saturated with water, 
burned continuously when directed into a spark between carbon 
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terminals, but the yield of chlorinated products obtained was 
too small for their identification. According to a patent of Colin 
(36) methyl chloride, dichloromethane, and chloroform were 
made by burning natural gas and chlorine in a reaction chamber 
through which an electric spark was passing. One volume of 
chlorine was used for each atom of hydrogen which it was desired 
to replace. If chloroform was to be produced the reaction 
chamber was kept at a temperature of 100-200°. In the produc- 
tion of methyl chloride the chamber was cooled by passage of air 
around it, which prevented the formation of carbon tetrachloride. 
This process (11) went as far as an unsuccessful experimental 
plant at Allegheny, Pennsylvania. 

2. Ethane 

Ethane is reported to react with chlorine more readily than 
methane. It is stated that ethane will chlorinate in a natural gas 
containing but 10 per cent of this hydrocarbon with scarcely any 
formation of chloromethanes. Like its lower homolog, however, 
ethane does not change when in contact with chlorine in the dark 
at ordinary temperatures. To bring about reaction, diffused 
daylight and artificial light have been used. Catalysts, notably 
charcoal and cupric chloride, have found some use, particularly 
in the production of chloroethanes from natural gas. 

From the reaction of pure ethane and chlorine only two prod- 
ucts, ethyl chloride and dichloroethane have been identified. 
From natural gas a trichloroethane, a tetraehloroethane, and 
hexachloroethane have also been obtained. 

Photochemical chlorination. Kolbe and Frankland (83) em- 
ployed chlorination in their early work on the structures of 
ethane and other par affin hydrocarbons. When dry ethane was 
mixed with an equal volume of chlorine in the dark, and the 
mixture exposed to diffused daylight, ethyl chloride was pro- 
duced. By the reaction of two volumes of chlorine with one of 
ethane (51) some ethylene dichloride was obtained. A substance 
resembling camphor (83) resulted when ethyl chloride mixed with 
a large amount of chlorine was exposed to sunlight. 

Schorlemmer (146) found that ethane, obtained either by 
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electrolysis of potassium acetate or by the action of strong sul- 
furic acid on mercury diethyl, whether dry or moist (147, 148) 
gave the same products when mixed with an equal volume of 
chlorine in the dark and then exposed to diffused daylight at 5°. 
These products were chiefly ethyl chloride, with a small amount of 
ethylene dichloride. Schorlemmer used this fact to prove that 
the hydrocarbons from these two sources were identical. 

Darling (38) also obtained ethyl chloride and ethylene dichlo- 
ride by exposing, equal volumes of. chlorine and ethane, mixed in 
the dark, to diffused daylight. 

In the treatment of natural gas with an excess of chlorine in the 
presence of light from an ultra-violet lamp, Tolloczko (182) 
obtained, as has already been noted, hexachloroethane and an 
oily product which was not identified. 

The chlorination of ethane and higher paraffins in the presence 
of artificially produced light rich in chemically active rays, has 
been claimed in a patent of the Badische Anilin und Soda Fabrik 
(7). Graul and Hanschke (57) chlorinated mixtures of chlorine 
with ethane and higher hydrocarbons by exposing them to light 
from a mercury-vapor lamp. * 

Tompkins (184) claimed the preparation of chloroethanes from 
ethane, obtained from coal gas by liquefaction, with the aid of 
actinic light. He also found it possible to chlorinate the crude oil 
gas, containing about 20 per cent of ethane, by the use of actinic 
light of gradually increasing intensity, so that the chlorination of 
methane was avoided, and only derivatives of ethane were formed. 
The intensity of the light was controlled either by passing the gas 
through the apparatus so arranged that the distance of the gas 
from the light source was gradually diminished, or so that it was 
screened from the light by paper or other translucent material of 
gradually diminishing thickness. 

Snelling (168) chlorinated ethane, as he had chlorinated 
methane, in an illuminated chamber provided with transparent 
baffles, using an excess (173) of the hydrocarbon and circulating 
the gas mixture from the reaction vessel into contact with a 
solvent for the halogenated products, such as oil or carbon tetra- 
chloride. 
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Thermal chlorination. When using a reaction vessel of silica, 
earthenware, or brick, maintained at a temperature of from 300° 
to 550°, Lacy (90) claimed that a large excess of hydrocarbon, 
such as eight volumes of ethane to one of chlorine, restricted the 
product to monochloroethanes. According to another method 
(91) the dried reaction product containing crude ethyl chloride 
was passed over calcium oxide at 250° to 450° to produce ether. 

Catalytic chlorination. In most of the published work on the 
catalytic chlorination of ethane, charcoal catalysts have been used. 
In the presence of war-gas charcoal, Jones, Allison and Meighan 
(75, 76) found that the ethane present in natural gas (10 per cent 
of ethane with 90 per cent of methane) was chlorinated in pre- 
ference to the methane and at a lower temperature. Hexachloro- 
ethane was the chief product, with some ethyl chloride, dichloro-, 
trichloro-, and tetrachloro-ethane. 

Mallet (107) mixed ethane and chlorine and passed them 
through a layer of animal charcoal or other porous contact 
material at a temperature between 30° and 90°. Curme (37) 
chlorinated ethane, among other hydrocarbons, by contact with 
chlorine in the presence of activated charcoal. Garner and 
Clayton (54) proposed the formation of chloroethanes by passing 
mixtures of natural gas and chlorine through charcoal at 300°. 

Tolloczko and Kling (183), by chlorinating natural gas in the 
presence of pumice, or pumice impregnated with cupric chloride 
at 400°, produced hexachloroethane when chlorine was in excess, 
and ethyl chloride, dichloro-, and tetrachloro-ethane when an 
excess of natural gas was used. 

Electrical chlorination. A mixture of ethane and chlorine is 
exposed to the influence of the silent electric discharge in a 
modification (8) of a process patented earlier by the Badische 
Anilin und Soda Fabrik (7). 

8. Propane 

This hydrocarbon, like methane and ethane, is not acted upon 
by chlorine in the dark, but from experiments with mixtures 
it appears to be more readily chlorinated than methane. In 
sunlight, n-propyl chloride, 1,2-dichloropropane, and more highly 
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chlorinated products may be obtained, the extent of the reaction 
depending upon the intensity of the light and the time of exposure. 
Under extreme conditions, such as the use of iodine chloride at 
250°, chlorinating agents can break down the hydrocarbon struc- 
ture, producing halogen derivatives of lower carbon content. 

In the study of the structure of propane, Schorlemmer (152) 
investigated the chlorination of this hydrocarbon. - He found that 
a mixture of chlorine with slightly more than an equimolecular 
proportion of propane reacted in diffused daylight, and yielded a 
product consisting of a low-boiling fraction which was 1,2-di- 
chloropropane with small quantities of n-propyl chloride, and a 
mixture of more highly chlorinated products boiling between 100° 
and 200°. To effect further chlorination, a considerable amount 
of the fraction boiling above 80°, mainly dichloropropane and 
higher products, was exposed to direct sunlight while chlorine was 
passed into it for several days. After this treatment the greater 
portion of the product boiled between 150° and 160°. While it 
was impossible to isolate a fraction having a constant boiling 
point, the chemical behavior, boiling point range, and chlorine 
content of this fraction showed that it consisted of trichloro- 
propane mixed with more highly chlorinated products. 

The residual liquid, after further chlorination in direct sunlight 
for several days, was composed partly of a liquid and partly of a 
fraction boiling between 200° and 205° which solidified in the 
receiver as a white, crystalline mass, which after recrystallization 
had the chlorine content of tetrachloropropane. The liquid from 
this chlorination, which boiled between 205° and 250°, was acted 
upon very little by chlorine even in the brightest sunlight in the 
presence of iodine. Treatment with potassium chlorate and 
fuming hydrochloric acid also had little immediate effect, but 
by exposure to these reagents for several days, the boiling range 
of the liquid was raised to between 220° and 250°. From this 
liquid hexachloropropane was obtained, a substance which had 
a camphor-like odor and boiled at about 250°. 

Mereshkowsky (111) reported the formation of tetra-, penta-, 
and hexa-hromides by the action of bromine on propane in the 
presence of iron, but gave no experimental details. 
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Snelling (167, 168) chlorinated propane in the reaction chamber 
provided with transparent baffles, already described, through 
which a stream of mixed gases passed toward a source of actinic 
light. The products (173) were removed from the reaction vessel, 
as in the case of the other hydrocarbons chlorinated in this way, 
by a solvent in which the unchanged hydrocarbon was sparingly 
soluble. 

Herzf elder (62) studied the further chlorination of seven di- 
and tri-chloropropanes by antimony pentachloride at varying 
temperatures up to 190°. He reported products as shown in 
table 2. 


TABLE 2 

Products obtained by chlorination of chloropropanes by antimony pentachloride 


INITIAL SUBSTANCE 

PRODUCT 

1 , 1-Dichloropropane 

1,1, 2-Trichloropropane 

1 , 2-Dichloropropane 

1,1, 2-Trichloropropane 

1 , 3-Dichloropropane 

1,1, 3-Trichloropropane 

2 , 2-Dichloropropane 

1,2, 2-Trichloropropane 

1,2, 3-Trichloropropane 

1,1,2, 3-Tetrachloropropane 

1,2, 2-Trichloropropane 

1,2,2, ^-Tetrachloropropane 

1 , 1 , 2-Trichloropropane 

Pentachloropropane 


4. Butanes 

rirButane. A number of studies have been made of the chlo- 
rination of butane, which, like its lower homologs, does not re- 
act with chlorine in the dark, but readily undergoes reaction in 
sunlight or artificial illumination. The only products that have 
been identified are a butyl chloride and a dichlorobutane. 

Eighty years ago, Frankland (50) observed that a dry mixture 
of chlorine with butane reacted immediately on exposure to 
diffused daylight. Butane did not react with antimony penta- 
chloride even in direct sunlight. 

Schoyen (162) found that chlorine and butane did not react 
in the dark, but when butane over water in a flask of white glass 
was quickly mixed with an equal volume of chlorine, and the 
flask placed in bright daylight, reaction took place immediately 
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with the formation of hydrochloric acid and a liquid insoluble 
in water, which was a mixture of butyl chloride, butylene chloride, 
and a more highly chlorinated liquid. Even in very weak sun- 
light reaction occurred. 

Ronalds (139) found that butyl chloride was formed whenbutane 
from American petroleum reacted with two volumes of chlorine 
in the presence of light. 

From ten volumes of butane and nine volumes of chlorine, 
exposed to daylight, Butlerov (26, 27) obtained a product con- 
taining somewhat more chlorine than called for by the formula 
C 4 H 8 C1 2 . 

Patents owned by the Badische Anilin und Soda Fabrik (57, 
73) cover the production of chlorine derivatives from butane and 
the other low-boiling paraffin hydrocarbons such as pentane, 
hexane, and heptane in the vapor phase in the presence of ultra- 
violet light. Snelling (173) mixed chlorine with an excess of 
butane in a reaction vessel from which the gaseous mixture could 
be circulated and brought into contact with oil or carbon tetra- 
chloride, as a solvent for the halogenated products, and a second 
solvent to remove hydrogen chloride. 

Butyl chloride was one of the halogen derivatives obtained by 
Brooks, Essex and Smith (24) by chlorination of a gasoline frac- 
tion boiling between 25° and 45° in the presence of actinic light. 

Mabery and Hudson (103) chlorinated a number of petroleum 
fractions boiling within the range — 10° to 20°, but in no case 
did they isolate n-butyl chloride. 

A petroleum, distillate boiling between 5° and 10° which Pe- 
louze and Cahours (124) treated with chlorine in diffused light, 
yielded a product which boiled between 65° and 70° and pos- 
sessed the properties and composition of butyl chloride. 

Isobutane. Only a few studies have been made of the chlori- 
nation of pure isobutane. In bright sunlight the reaction is 
violent and explosive; in diffused light it can be controlled and 
yields both monohalides and more highly chlorinated products. 
Work on petroleum fractions has also yielded isobutyl halides. 

By exposing a mixture of ten volumes of isobutane and nine 
of chlorine to the action of daylight, Butlerov (26) produced 
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tertiary butyl chloride and a chlorinated liquid very similar to 
that which he had obtained by the same method from butane. 
It contained slightly more chlorine than does a dichlorobutane. 

A naphtha fraction boiling from —2° to 2°, from Pennsyl- 
vania and Ohio petroleum, was observed by Mabery and Hudson 
(103) to react violently with chlorine in bright sunlight with the 
appearance of a flame and separation of carbon. To obtain 
smooth reaction and highest yield of monochloro derivative, they 
worked in the cold with a sheet of newspaper interposed between 
the reaction vessel and the sun. Chlorine was slowly passed into 
a 2-liter bottle which contained from 100 to 200 cc. of oil. The 
delivery tube for introduction of halogen extended half way from 
the top of the bottle to the surface of the liquid. Continuous 
operation during 10 to 12 days was required to chlorinate 100 
grams of naphtha. The reaction was stopped while a small 
amount of the unchanged hydrocarbon remained. After twenty 
fractionations, 80 per cent of the product was collected at 68- 
69°, and by reason of the properties of the acetate, alcohol, and 
sulfide into which it was converted it was thought to be an iso- 
butyl chloride. By prolonged fractional distillation one other 
chlorobutane was obtained, which distilled at 121-122° and was 
shown by analysis to be a dichlorobutane. 

Aschan (3) chlorinated in the presence of water a petro- 
leum fraction which boiled at 10-12°. The formation of 
a chloride, C4H7CI, with a boiling range of 60-70°, as the main 
product, indicated that butanes were among its components. The 
presence of isobutane was established; n-butane appeared to be 
either absent or present in only small quantity. 

Without describing any details of his experiment, Mereshkow- 
sky (111) stated that he formed tetra-, penta-, and hexa-bromides 
by the action of bromine on isobutane in the presence of iron. 

Krafft and Merz (84) reported that heating isobutane with 
iodine chloride at 250° caused decomposition of the hydrocarbon 
and yielded the same products as did similar treatment of pro- 
pane, namely, hexachloroethane and carbon tetrachloride. 

In the combustion of isobutane in a mixture of oxygen and 
chlorine, Schlegel (142) observed that the hydrogen combined 
preferentially with chlorine and the carbon with oxygen. 
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5. Pentanes 

The work done on chlorination of pentanes has as a rule not 
been carried out on the normal hydrocarbon or on an isomer in 
pure form, but on “pentane” fractions from petroleum, some 
sufficiently closely fractionated to be pentane or isopentane in 
nearly pure form, others boiling over a considerable range and 
probably containing all three pentanes and perhaps higher hydro- 
carbons as well. The chlorination of the fractions has had com- 
mercial success, and is a source of amyl chlorides, from which 
the alcohols, acetates, and other derivatives can be made. 

From pure n-pentane have been obtained primary and secondary 
amyl chlorides and unidentified more highly chlorinated sub- 
stances. Isopentane appears to chlorinate more easily than the 
normal hydrocarbon. As products from isopentane all of the 
four possible monochlorides have been identified. Mixed pen- 
tane fractions, which have usually been chlorinated at elevated 
temperature, and often in the presence of light and catalysts, 
have yielded chiefly monochloropentanes, the reaction normally 
being controlled so as to avoid the formation of higher products. 
In several studies mention is made of the fact that the presence 
of moisture aided chlorination. 

n-Pentane. Cahours and Demarcay (28) found that pentane 
(boiling at 32-35°, whereas the accepted boiling point of pentane 
is 36.2°), separated from an oil produced by distilling crude fatty 
acids with superheated steam, absorbed chlorine rapidly in dif- 
fused light. When the action was not continued too long a liquid 
was produced which boiled at about 100° and had the character- 
istics of amyl chloride. 

Lachowiez (87) obtained two monochloropentanes by passing 
a slow stream of chlorine into the vapors of n-pentane at room 
s temperature. The retort in which the reaction took place was 
provided with a well-cooled reflux condenser. After the reaction 
had started it was accelerated by heating to boiling on a water 
bath. Two amyl chlorides were formed, the one which was 
formed in larger quantity boiling at 106°, and the other, appar- 
ently a secondary chloride, boiling at 104°. 

When Schorlemmer (156) passed a strong current of chlorine 
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into the vapors of a petroleum fraction boiling at 37-39°, he 
obtained a mixture of amyl chlorides boiling between 95° and 
110°; the main fraction distilled at 100-102°. 

Aschan (3) identified 1-chloropentane and secured a second 
amyl chloride which boiled at 96-98° from petroleum pentane. 
The best results were obtained when the hydrocarbon was thor- 
oughly dry during chlorination. 

The Badische Anilin und Soda Fabrik (5) raised pentane to 
its boiling point in an enamelled vessel provided with a fractiona- 
ting column, mixed the vapors with chlorine, and subjected them 
at 40-50° to the influence of the silent electric discharge. They 
recommended that two volumes of vapor be mixed with one 
volume of chlorine. Diminished pressure (9) was said to promote 
the action. 

Bauer (13) found that when chlorine was passed for several 
hours into pentane a product was formed which boiled between 
230° and 240° and to which he gave the formula CjHsCU. The 
pentane absorbed chlorine and evolved hydrogen chloride so 
rapidly that sufficient heat was produced to raise the liquid to 
the boiling point. 

Isopentane. Aschan (3) found that isopentane from petroleum 
reacted more readily with chlorine than did pentane. Chlorina- 
tion of the dry hydrocarbon yielded a mixture of the four mono- 
chloroisopentanes (monochloro-2-methylbutanes) together with 
dichlorides. Chlorination of moist isopentane produced large 
amounts of the primary isoamyl chlorides, small quantities of 
secondary isoamyl chloride and no tertiary product. The best 
yields of monochloropentanes, however, were obtained when the 
isopentane was dry. Aschan also investigated the conversion 
of these isopentane derivatives into isoprene. 

Pelouze and Cahours (124) observed that an isopentane frac- 
tion from petroleum, boiling at 30-32°, absorbed chlorine rapidly 
at ordinary temperature even in diffused light. By avoiding an 
excess of chlorine and stopping the reaction while a part of the 
hydrocarbon remained unchanged, they obtained an amyl chloride 
boiling at 98-103°. 

Lachowicz (87) obtained monochloro derivatives of isopentane 
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by the action of a slow stream of chlorine on isopentane (b. p. 
29-30°), obtained from Galician petroleum. The reaction was 
started at room temperature and after some of the chloride had 
been formed, was continued at the boiling point of the hydro- 
carbon. The chloroisopentanes boiled at 99.8-100.5°, and had 
a specific gravity of 0.8703 at 20°. 

Mabery and Hudson (103) exposed several hundred grams of 
a distillate of boiling point 29-30°, obtained from Pennsylvania 
and Ohio petroleum, to the action of chlorine until they obtained 
about 200 cc. of substitution products. As in the chlorination 
of butane, the reaction was carried out in the presence of sunlight 
subdued by passing through newspaper. After eighteen distilla- 
tions of the chlorinated products about 85 per cent of it boiled 
at 96.5° and was proved to be isoamyl chloride. 

The only other constant boiling fraction that could be ob- 
tained from the chlorination products was collected at 144r-145° 
after fifteen distillations. It amounted to about 5 grams, and 
had the composition of a dichloropentane. 

Mott and Bedford (119) observed that at room temperature 
mixtures of chlorine and isopentane reacted twice as rapidly when 
exposed to light from a white flame arc as when exposed to that 
from a quartz mercury-vapor lamp. The white flame arc was 
rich in blue light, which has been shown to be more suitable than 
ultra-violet for chlorination. 

According to patents controlled by Badische Anilin und Soda 
Fabrik (6, 74) a mixture of chlorine and an excess of isopentane 
is exposed to radiation from a mercury-vapor lamp. A mixture 
of two monochloroisopentanes is obtained from which isoprene 
may be produced. A process apparently identical with that of 
the Badische Company (74) is outlined in a patent of Graul, 
Hanschke and Webel (58). 

According to a patent of the Chemische Fabrik auf Aktien 
(32), a mixture of four isoamyl chlorides boiling between 85° and 
105° was obtained by chlorinating isopentane. The Badische 
A n il i n und Soda Fabrik (9) prepares dichloropentane from iso- 
pentane under diminished pressure. 

Tetramethylmelhane. Tissier (180) obtained the monochloro 
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derivative by allowing a mixture of chlorine and this hydrocarbon 
to stand in ordinary light at room temperature. 

Pentane mixtures (petroleum fractions), (a) Photochemical chlo- 
rination. Brooks, Essex and Smith (24, 25) prepared amyl 
chlorides from a pentane fraction (boiling range 25-45°) from 
petroleum. Chlorine was introduced into the hydrocarbon ma- 
terial in the dark at a temperature just sufficient to vaporize it 
completely. The resulting mixture was then passed through 
glass tubes illuminated by an ultra-violet lamp. Once started, 
the chlorination proceeded smoothly in diffused daylight and the 
lamp was unnecessary. The highest yields of monochloro deriva- 
tives were obtained when the chlorine-hydrocarbon mixture con- 
tained a large excess of hydrocarbons, namely, 2 to 4 times the 
ratio necessary to form the monochloro compounds. When em- 
ploying mixtures containing three moles of hydrocarbon to one 
of chlorine, amyl chlorides made up 88 per cent of the chlorinated 
product. They had difficulty in regulating the ratio of hydro- 
carbon vapors to the chlorine introduced, and for this reason 
obtained the formation of dichloro and trichloro derivatives as 
well. The hydrogen chloride formed in the reaction was absorbed 
in water to prevent loss of pentane vapor. 

■When chlorinating in the liquid phase, 90 to 94 per cent of the 
chlorinated product consists of monochloropentanes. The chlorine 
was passed through a large number of small orifices into cold 
pentane, and the chlorination stopped before the concentration 
of chlorine derivatives became greater than about 20 per cent of 
the mixture. The process was controlled by observing the spe- 
cific gravity of the mixture. The presence of moisture seemed to 
aid the chlorination. Although illumination of the reaction mix- 
ture was not absolutely necessary, at the start these workers used 
light from a high-power tungsten bulb in the upper part of the 
reaction chamber. In order to prevent excessive vaporization 
of pentane, the temperature was not allowed to rise above 10°. 
From the chlorinated products a monochloropentane fraction 
suitable for conversion into amyl acetate was obtained. 

About the time this information was published (1918), Gardner 
(53) described a similar process in which a natural gasoline frae- 
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tion boiling between 40° and 70° was chlorinated in the presence 
of ultra-violet light to produce amyl chloride. 

Dobryanskii and Gurevich (40) chlorinated a pentane cut 
(boiling at 31-38°) from aviation gasoline in the gas phase using 
artificial light. The highest yield of monochloride (35 per cent) 
was obtained at 60-70°. Wet chlorine increased the formation 
of polychlorides, and also led to explosion and separation of 
carbon. 

Sparre (174) claimed the chlorination in the presence of light 
of a naphtha fraction boiling between 28° and 69° and said to 
consist of “pentanes, isopentanes, hexanes, and isohexanes.” 

The patent of Boyd (22) specified the chlorination of pentane, 
as well as of others of the first eight paraffins above methane, by 
treating the hydrocarbon in the liquid phase with chlorine, and 
then exposing the vapors from this step to actinic light in a sepa- 
rate reaction chamber. Superatmospheric pressure was con- 
sidered advantageous in the vapor phase stage of the chlorina- 
tion. 

Lacy (94) disclosed a method of chlorinating pentane and other 
hydrocarbons by dissolving chlorine in the hydrocarbon floating 
on water, and then exposing the solution to light from 'a quartz 
mercury-vapor lamp. The hydrogen chloride produced was ab- 
sorbed by the water. 

Patents controlled by the Badische Anilin und Soda Fabrik 
(57, 73) already referred to under the chlorination of butane, 
claim applicability to the chlorination of pentane in the presence 
of ultra-violet light. 

(5) Photochemical-catalytic chlorination. As catalysts to assist 
the photochemical chlorination of pentane charcoal, batchite, 
and silica gel have been used, and, in addition, the use of ferric 
chloride and iron is covered by patents. 

Koch and Burrell (80) found that in the vapor phase, chlorin- 
ation of a pentane fraction from natural gasoline was difficult 
to control, and di-and tri-chloropentane were formed, as well as 
the desired amyl chloride. Accordingly an apparatus (79, 81) 
was devised in which it was possible to carry out chlorination 
on an industrial scale in the liquid phase at any desired rate 
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without danger of explosion or formation of di- or tri-chloro 
derivatives. The apparatus consisted of a vertical tube of lead- 
free glass provided at the lower end with a screen through which 
a chlorine-injecting nozzle projected. A tube of the same mate- 
rial, of smaller diameter and about half as long, with its lower 
end spread out in the form of a funnel, was supported within 
the larger tube, so that the funnel was a short distance above the 
bottom screen. The chlorinating catalyst, which was activated 
charcoal, silica gel, batchite, or other porous substances with 
large power of gas absorption, was placed on the bottom screen 
in the large tube to the depth of about three inches. In carrying 
out the process, the large tube was filled three-fourths full of 
pentane, and a regulated stream of chlorine admitted by the in- 
jector at the bottom. The chlorine passed through the layer of 
activated charcoal and carried a portion of the catalyst with it 
up through the percolator tube. While flowing upward the cat- 
alyst absorbed large amounts of chlorine. 

Upon passing from the top of this tube the carbon dropped on 
the outside of the inner tube to the bottom of the large reaction 
tube. In falling it passed through a reaction zone where the 
absorbed chlorine reacted with the pentane under the influence 
of the light from the mercury-vapor lamps. The catalyst was 
continuously cycled while any pentane passing off as vapor was 
refluxed to the reaction tube. 

To keep the formation of di- and tri-chloropentanes at a mini- 
mum it was necessary to stop the chlorination when the derivatives 
amounted to 20 to 25 per cent of the total volume of liquid. 
Yields of monochloropentanes were 78 per cent in actual plant 
practice. The residue, consisting of di- and tri-chloro derivatives, 
amounted to about 5 per cent. 

Only 20 per cent of monochloride was obtained when Dobry- 
anskii and Gurevich (40) chlorinated pentane from aviation 
gasoline in the liquid phase in the presence of activated charcoal. 

In the process of Blanc (20) a stream of chlorine was introduced 
directly into pentane cooled by an ice bath to about 10° and ex- 
posed to daylight, sunlight, or light from a tungsten lamp, gas 
light, electric arc, or mercury-vapor lamp. An aqueous solution 
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of iron chloride was added as a halogen carrier. The presence of 
moisture, even in small amounts, was favorable to the chlorin- 
ation. To produce dichloropentane, a slower rate of passage 
of the reaction mixture through the apparatus was used than 
that found suitable for producing monochloropentane. 

Dow (41) proposed conversion of pentane, present in coal dis- 
tillation products, into chlorine or bromine derivatives in order 
to increase its boiling point and enable the hydrocarbon to be 
separated from carbon disulfide. 

(c) Thermal cMorination. The Sharpies Solvents Corporation 
(4, 45, 52, 78) at Charleston, W. Va., produces chloropentanes 
on a commercial scale from a 28° to 37° fraction of natural-gas 
gasoline by chlorination at elevated temperatures. The proc- 
ess used (4), which in the patents is claimed for paraffins con- 
taining more than two carbon atoms, consists in mixing the hy- 
drocarbon material in vapor form at about 100° with l/15th to 
l/20th part of chlorine, and passing the mixture at high velocity 
through a tubular reactor, such as a gas-fired pipe still (33), kept 
at 315° to 371°. 

Clark (33) states that by the Sharpies process monochloro 
derivatives of pentanes are produced in approximately the fol- 
lowing proportions: 

per cent per cent 

1- Chloropentane 24 l-Chloro-2-methylbutane 30 

2- Chloropentane 8 2-Chloro-2-methylbutane 5 

3- CHorojpentane 18 4-Chloro-2-methylbutane IS 

Ayres (4) reports very similar data from the same process: 
“One-half of the monochloride formed from n-pentane is primary 
and the other half is secondary. Of the secondary fraction there 

is much more 3-chloropentane than 2-chloropentane 

In the commercial synthesis isopentane yields 85 per cent primary 
isoamyl chlorides and 15 per cent tertiary amyl chloride. No 
secondary isoamyl chloride is formed. (It will be noted that 
Aschan did obtain this substance.) Of the primary chlorides, 
one-third is 4-chloro-2-methylbutane, and two-thirds is 1-chloro- 
2-methylbutane.” Below 100° in either vapor or liquid phase it 
was stated that light or catalysts are required to bring about 
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chlorination, and yields of ‘primary chlorides are low. Use of 
iodine, sulfur chloride, or red phosphorus as catalysts causes 
excessive production of polychlorides. High monochloride yields 
in either liquid or vapor phase were produced when insoluble and 
non-volatile metallic chlorides were used as catalysts, but these 
materials were reported to cause transposition of primary to 
secondary or tertiary chlorides. 

Dichloropentanes were identified as follows: 


Dichloro derivative 

1 . 1- Dichloropentane 

1 . 2- Dichloropentane 

1 , 5-Dichloropentane 

2 . 3- Dichlor opentane 

1 . 2- Dichloro-2-methylbutane 

2. 3- Dichloro-2-methylbutane 


Amount present 

“Almost none” 

“Present in minor proportion” 
“Almost none” 

“Major constituent” 

“Present in minor proportion” 
“Formed, but is mostly destroyed by 
polymerization.” 


6. Hexanes 

The chlorination of hexane can be readily controlled to yield 
monochloro, dichloro, or more highly chlorinated products. 
In most of the work reported the main products have been by 
choice hexyl chlorides, rather than more completely substituted 
derivatives. The hexane has been in some cases synthetic ma- 
terial, but more usually a closely cut petroleum fraction has been 
used. Light and catalysts have been employed to a considerable 
extent to aid reaction. Catalysts, as a rule, encourage the 
formation of polysubstituted compounds. A small amount of 
work has been done with diisopropyl, producing monochloro 
derivatives. 

n-Hexane. Schorlemmer (154, 155, 158) made a series of 
investigations of the chlorination of hexane from petroleum to 
determine the conditions governing the formation of the primary 
or the secondary chloride. 

The hexane was treated with chlorine under the following con- 
ditions: (1) chlorine was passed into the well-6ooled hydrocarbon 
in diffused daylight; (2) chlorination was carried out in the cold 
in the presence of iodine; (3) chlorine alone was passed into the 
vapors of the boiling hydrocarbon; (4) chlorine was passed into 
the hydrocarbon vapors in the presence of iodine. In all four 
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cases, the bulk of the product was a mixture of primary and 
secondary hexyl chlorides. When chlorine acted on liquid hexane 
either in the presence or absence of iodine, large quantities of 
more highly chlorinated products also formed, but by chlorination 
of the vapors, the formation of the higher halogen derivatives was 
avoided almost completely. 

By passing chlorine into the vapor of gently boiling petroleum 
hexane, and fractionating the product, Schorlemmer (158) ob- 
tained monochlorohexanes which distilled at 125-126®. Chlorina- 
tion of the vapor of hexane, prepared by reduction of hexyl 
iodide (158, 160), gave a product which distilled largely at 126- 
128.5°, with a smaller portion boiling at 128.5-130°. More 
highly chlorinated substances were also formed but in smaller 
quantity. “It appeared,” Schorlemmer (158) stated, “that by 
the action of chlorine upon the hydrocarbon (hexane) one-sixth 
is converted into the primary chloride and five-sixths into the 
secondary” 

Several researches made prior to that of Schorlemmer are of 
historical interest. Wanklyn and Erlenmeyer (190) had noted 
that the chlorination of hexane was aided by iodine. Riche (134) 
stated that hexane, obtained by treating n-heptoic acid with 
barium oxide and boiling at 58° (n-hexane boils at 69°), was 
attacked briskly by chlorine with formation of substitution 
products. 

From American petroleum, Pelouze and Cahours (124) ob- 
tained a fraction boiling at 68° which they showed consisted 
essentially of hexane, and which on chlorination in diffused light 
yielded mainly a monochlorohexane boiling at 125-128°. 

A chlorohexane with the same boiling range was formed when 
Cahours and Demarcay (28) chlorinated hexane (boiling point 
68-70°, di 3 0.667) which they had separated from an oil produced 
by distilling crude fatty acids in the presence of superheated 
steam. In diffused light the continued (124) action of chlorine 
on the monochloride of Pelouze and Cahours formed a dichloro- 
hexane boiling at 180-184°, density 1.087; a triehlorohexane 
boiling at 215-218°, density 1.193; and a tetrachlorohexane. 
Further chlorination with the aid of heat and sunlight yielded 
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a hexachlorohexane, a stable product which boiled at 285-290° 
and had a density of 1.598. Schorlemmer (153) also produced 
a hexachlorohexane by passing chlorine into hexane from pe- 
troleum as long as any action could be observed, first in diffused 
light and afterwards in direct sunlight. This product could not 
be distilled without decomposition. 

Morgan (118) chlorinated hexane from petroleum (b. p. 68-70°) 
in the vapor phase by Schorlemmer’s method (158). Nine-tenths 
of the hydrocarbon was converted into a mixture of monochlorides 
boiling at 120-134°, while the remainder formed more highly 
chlorinated products. 

Michael and Turner (115) passed chlorine into boiling hexane 
in diffused daylight and obtained a mixture containing about 10 
per cent of 1-chlorohexane, a small amount of 2-chlorohexane, 
and still less 3-chlorohexane. 

The following researches are of more recent date. 

Faragher and Gamer (47) chlorinated isohexane and hexane 
fractions (boiling at 61-64°, and 67.5-70°, respectively, and ob- 
tained from Pennsylvania straight-run gasoline) in the vapor 
phase by the method suggested by Schorlemmer (158). They 
introduced the chlorine at about the middle point of a tube into 
which the hydrocarbon was being refluxed. Monochloro deriva- 
tives were the principal products, with small amounts of dichloro- 
hexanes and more highly chlorinated compounds. The chlorina- 
tion was carried out in diffused light, as in full daylight a flame 
appeared and carbon was formed. In order to obtain good yields, 
it was necessary to absorb the issuing hydrogen chloride or to cool 
it to a low temperature, so that none of the chlorinated products 
should be carried away and lost. 

A fraction which was obtained from the chlorinated n-hexane, 
distilling at 120-124° after four fractionations, corresponded in 
properties to 2-ehlorohexane. From isohexane was obtained a 
mixture of monochlorohexanes distilling at 119-123°. 

According to patents controlled by the Badische Anilin und 
Soda Fabrik (57, 73) an excess of hexane vapor mixed with chlorine 
is led from below into a vessel in the middle of which a mercury- 
vapor lamp is placed. The vapors from this reaction vessel are 



42 G. EGLOFF, E. E. SCHAAD AND C. D. LOWEY, JB. 

passed through a condenser where the chlorohexane and hexane 
are condensed and from which they are siphoned into the distilla- 
tion vessel, while the hydrogen chloride escapes. Most of the 
chlorohexane remains in the reaction vessel until the end of a rim. 

Vivas (188) filaims the catalytic chlorination of a purified gaso- 
line presumably consisting mainly of hexane. The hydrocarbon 
material is introduced into a reaction vessel together with carbon 
tetrachloride, aqueous ammonia, and catalysts, such as al uminum 
or ferric chloride, and chlorine is bubbled through the reaction 
mixture. The product is said to be suitable for cleaning purposes 
or as an ingredient in paints. 

According to the International Fireproof Products Corporation 
(72) a compound CeHjClT is obtained by bubbling chlorine through 
gasoline, consisting mainly of hexane, in the presence of alu- 
minum chloride or ferric chloride. 

2 , 8-Dimethylbitiane {diisopropyl). Schorlemmer (151) found 
that diisopropyl (prepared from isopropyl iodide), with a boiling 
point of 58° and specific gravity of 0.6701 at 17.5°, reacted with 
chlorine readily in the cold. If the reaction was stopped before 
all the hydrocarbon had reacted, the chief product was a mono- 
chloride which boiled at 122° and had a specific gravity of 0.8874 
at 22°. When iodine was present, no monochloride was formed, 
but the main product consisted of dichlorodiisopropyl, a solid 
which melted at 160°. 

In the presence of iodine, Silva (165) obtained from diisopropyl 
both of the chlorides described by Schorlemmer (151). When the 
reaction was carried out in sunlight (166) two monochlorides were 
formed: one was that of Schorlemmer (151), the other boiled at 
118®. In the absence of iodine the lower boiling monochloride and 
a liquid dichloride which boiled at 160° were formed. 

Aschan (2) subjected diisopropyl (a 57-59° fraction of Baku 
petroleum) to chlorination in a retort cooled externally with ice 
water and provided with reflux condenser. In order to avoid the 
formation of more highly chlorinated products, at frequent 
intervals the portion boiling above 100° was separated by distilla- 
tion, and the chlorination of the remainder continued. By frac- 
tionation of the final product two liquids were obtained, one of 
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which boiled at 117-119° and was the tertiary chloride, while the 
other, which boiled at 123-125° was an unidentified monochloro 
derivative. Later Aschan (3) reported the formation of both 
these substances and a third monochlorohexane of undetermined 
structure on chlorinating a 58-69° petroleum fraction. 

7. Heptanes 

From the published work on heptane chlorination, it is apparent 
that the halogen and either the normal hydrocarbon or its isomers 
react readily in diffused daylight, or in the dark in the presence of 
catalysts such as iodine. Bright sunlight is likely to cause a dis- 
ruptive action with separation of carbon. Some of the investiga- 
tions reported have been made with synthetic heptane, but there is 
doubt sometimes of the purity of the material used, as reported 
boiling points do not agree with the accepted value. Many of 
the workers employed petroleum fractions, which had such wide 
boiling ranges that considerable amounts of hydrocarbons other 
than those designated must have been present. 

Usually chlorination has been stopped when only monochloro 
derivatives were produced. There is no difficulty, however, in 
producing higher products by prolonging the action, especially 
when using catalysts. In several cases there is doubt as to the 
exact structure of the chloroheptanes produced. 1-Chloro- and 
2-chloro-heptane have been identified, but in some investigations 
the workers have been content to amply report the production of 
monochloroheptanes and to give boiling points and densities. 

VrH eptane. In one of the early studies of paraffin hydrocarbons 
Schorlemmer (143) observed that when chlorine was passed into 
heptane, “hydride of heptyl,” the liquid became warm and 
hydrogen chloride was evolved. From the products of the reac- 
tion he isolated a monochloride which boiled at 150-152° and had 
a specific gravity of 0.891 at 19°. Smaller amounts of higher 
boiling chlorine compounds were formed, but they were not iden- 
tified. He produced the same monochloride (144) by a method of 
Muller (121) in which an excess of chlorine was avoided and the 
reaction catalyzed by a small amount of iodine. 

Schorlemmer (149) also chlorinated a heptane, “ethyl amyl,” 
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prepared by the action of sodium on a mixture of ethyl and 
amyl iodides which boiled at 90-91° (accepted b. p. of heptane is 
98.4°) and had a specific gravity of 0.6819 at 17.5°. (These con- 
stants are closer to those of 2-methyl- or 3-methyl-hexane than 
to those of ^heptane.) In diffused daylight chlorine was ab- 
sorbed by this hydrocarbon without apparent change. The liquid 
then suddenly became hot, and the chlorine reacted vigorously 
with the evolution of hydrogen chloride. A monochloroheptane 
boiling at 150°, “identical with chloride of heptyl” which he had 
described previously (143), and a dichloropentane boiling at 
about 190° were found in the products. If a little iodine was 
added, the action continued even in the dark, with production of 
more highly chlorinated products. In direct sunlight the reaction 
took place with great vigor and separation of carbon occurred. 

Schorlemmer (149) observed that heptane from petroleum gave 
a monochloride which boiled at 149° and had a specific gravity of 
0.8965 at 19°. The monochloro derivative of heptane prepared 
by heating azelaic acid with barium hydroxide boiled at 151- 
153° and had a specific gravity of 0.8737 at 18°. 

Schorlemmer and Thorpe (161) found that the product obtained 
by passing chlorine into the vapors of boiling n-heptane from 
Pinus sabiniana boiled between 143° and 157°, and consisted of 
1-chloro- and 2-chloro-heptane. 

Pelouze and Cahours (124) found that chlorine attacked warm 
heptane from American petroleum, boiling at 92-94°, with forma- 
tion of a monochloroheptane which boiled at 148-152° and had a 
specific gravity of 0.890 at 20°. 

Heptane which Morgan (118) isolated from petroleum (boiling 
at 96-99°) yielded a mixture of monochlorides boiling at 144- 
156°. 

From Pennsylvania straight-run gasoline Faragher and Garner 
(47) separated a n-heptane fraction boiling at 97-100°, which 
they chlorinated in the liquid phase at a temperature of 20° to 
25° until an increase in weight of 50 to 75 per cent of that which 
would be produced by complete conversion into monochloro- 
heptane was realized. Three fractions of the product produced 
a monochloroheptane fraction which boiled at 150-160° at 
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atmospheric pressure and a dichloroheptane fraction boiling at 
90-100° at 15 mm. 

According to a patent of Perkin, Weizmann, and Davies (125), 
a stream of chlorine is passed into n-heptane at 90° exposed to 
ultra-violet rays. When chlorine was added to 300 grams of 
heptane until the weight of the reaction mixture had increased 50 
grams, 225 grams of monochloroheptane and 10 grams of dichloro- 
heptane were obtained. The chlorination reaction could be 
accelerated by heat, light, or such catalysts as phosphorus com- 
pounds or iodine. 

2-Methylhexane (isoheptane). Schorlemmer (157) showed that a 
petroleum fraction contained small quantities of a heptane boiling 
at 90.4° which yielded a monochloro derivative boiling at about 
150°. 

Grimshaw (59) applied Schorlemmer’s method (158) of halo- 
genating in the vapor phase to the chlorination of heptane pre- 
pared from ethyl and isoamyl bromides. He observed that it 
was necessary to protect the reaction mixture from excessive 
illumination, as in strong light combustion of the chlorine-hydro- 
carbon mixture took place. Nearly the whole of the product 
boiled between 140° and 150° and consisted of monochloro- 
heptanes. In addition, small quantities of more highly chlor- 
inated products were always formed. Grimshaw concluded that 
2-methylhexane was acted upon by chlorine in exactly the same 
manner as are the normal paraffins. 

The photochemical halogenation process of the Badische Anilin 
und Soda Fabrik (9, 57, 73) has been applied to the chlorination 
of a fraction from Galician petroleum boiling at 88-92° and con- 
sisting mainly of isoheptane. The hydrocarbon liquid was 
vaporized at a pressure of 50 mm. of mercury, mixed with chlorine, 
and then passed through a vessel containing mercury lamps. 
When seven parts of chlorine to ten of hydrocarbon were used, 
the products consisted chiefly of a monochloroisoheptane, boiling 
at about 140°. 

Probably the first record of the action of a chlorinating agent on 
isoheptane is that of Wurtz (194), who found that at its boiling 
point the hydrocarbon was acted upon slowly by phosphorus 
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pentachloride and that the action became vigorous in a sealed 
tube at 100°. Because the tube exploded no product was 
identified. 

8. Octanes 

Octanes appear to react slowly with chlorine in the cold, and 
much more rapidly if heated or illuminated. As with the hep- 
tanes, not much work has been done with pure octanes, but the raw 
material in most cases has been more or less closely-cut petroleum 
fractions. Usually chlorination experiments have been carried 
only to the monochloro derivative stage. More highly chlori- 
nated products can readily be formed, however, and under ex- 
treme conditions may even break down the carbon chain of the 
hydrocarbon. 

n-Octyl chloride and 2-chlorooctane are the only chlorine deriv- 
atives that have been positively identified. In many cases only 
the boiling point and density of chlorination products have been 
given, and structures are undetermined. 

n-Octane. Riche (134) found that normal octane, prepared 
by distilling sebacic acid with barium oxide, was attacked slowly 
by chlorine and formed a viscous mixture of products. Schor- 
lemmer (143) noted that the action of chlorine on octane, “hy- 
dride of octyl,” yielded a monochlorooctane boiling at 170-172° 
and having a specific gravity of 0.892 at 18°, and also other prod- 
ucts which could not be identified because they decomposed on 
distillation. 

Pelouze and Cahours (124) found that the octane fraction from 
American petroleum, boiling at 116-118° (ra-octane boils at 
124.6°) and having a specific gravity of 0.725 at 15°, was attacked 
by chlorine slowly in the cold and more rapidly at 40-50°. When 
an excess of chlorine was avoided the main product consisted of 
a monochlorooctane boiling at 168-172° and having a specific 
gravity of 0.895 at 16°. 

Schorlemmer (153) prepared from petroleum octane (boiling 
122-125°) an octyl chloride which was a colorless liquid with the 
odor of oranges; it boiled at 173-176°, and by conversion into 
the alcohol was shown to be essentially 2-chlorooctane. Chlori- 
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nation of the octane formed by replacing the hydroxyl group in 
methylhexylcarbinol by hydrogen also yielded mainly a liquid 
boiling at 174-176°; it proved on conversion to the corresponding 
alcohols to be a mixture of the primary chloride with a small 
quantity of a secondary chloride thought to be 3-chlorooctane. 
Itwas not identical with the chlorooctane obtained from petroleum. 

An octane which Cahours and Demarcay (28) separated from 
an oil produced by distilling crude fatty acids with superheated 
steam yielded n-octyl chloride boiling at 182°. Mabery and 
Hudson (103) chlorinated at ordinary temperature the vapor of 
an octane (b. p. 119.5-120°, specific gravity 0.7243) separated from 
Ohio petroleum by thirty-three fractional distillations. The best 
yield of monochlorooctanes was obtained when the quantity of 
chlorine absorbed was 50 per cent in excess of the amount theoreti- 
cally required to form the monochloride. Even with this excess, 
a small amount of the octane remained unchanged. Fractionation 
of the chlorination product yielded a large quantity of a mono- 
chlorooctane boiling at 164-166°. These investigators also pro- 
duced a monochlorooctane which distilled at 173-174° from a 
petroleum distillate boiling at 124-125°. A small amount of 
higher boiling material was produced which was apparently more 
highly chlorinated. 

Other octanes. Wurtz (194) observed that hydrogen chloride 
was evolved when chlorine acted upon an octane (b. p. 106°, 
specific gravity 0.7057) prepared by the action of sodium on a 
butyl iodide. Antimony pentachloride also reacted with this 
octane, with the evolution of hydrogen chloride and the for- 
mation of a chlorine-containing product which was not investi- 
gated further. Butyl chloride, phosphorus trichloride, and hy- 
drogen chloride were formed when phosphorus pentachloride was 
heated with the hydrocarbon for a long time. Later (195) Wurtz 
found that an octane (probably 4-methylheptane), boiling at 
115-118° and having a specific gravity of 0.728 at 0°, yielded a 
monochloride which boiled at 167°. 

Sehorlemmer (151) chlorinated what was apparently diisobutyl, 
obtained by treating a mixture of isopropyl and amyl iodides with 
sodium and boiling between 109° and 110° (diisobutyl boils at 
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109.2°). He obtained a cblorooctane boiling at 165° and having 
a specific gravity of 0.8834 at 10.5°. Carleton-Williams (30) ob- 
tained a mixture of primary and secondary chlorides when di- 
isobutyl, prepared by the action of sodium on isobutyl bromide, 
was chlorinated by Schorlemmer’s method (158) of passing a 
current of dry chlorine into the vapor in diffused sunlight. The 
chlorinated product, which remained liquid at -17°, had no 
constant boiling point and could not be separated into single 
compounds even by repeated fractionation. 

Hartmann (61) treated diisobutyl with dry chlorine under 
reflux, first in the cold and then at the temperature of the water- 
bath, as long as hydrogen chloride was evolved. The product 
was freed from hydrogen chloride and uncombined chlorine by 
placing it under a partial vacuum. It was then transferred to 
tubes, and iodine and antimony pentachloride added. A vigorous 
reaction ensued. When this had ceased, the tubes were sealed 
and heated at 50° and for four hours at 190-200°. They were 
then opened, the antimony pentachloride regenerated by passing 
in dry chlorine, and the tubes heated further, the temperature 
ultimately reaching 450°. The product consisted mainly of carbon 
tetrachloride, with small amounts of hexachloroethane and hexa- 
chlorobenzene. 

Ahrens (1) reported, without mentioning the methods used, 
that the action of chlorine on an octane prepared from coal oil 
produced mono-, di-, and tri-chlorooctanes. The monochloride 
was a colorless oil boiling at 164-166°, and the dichloride a yellow 
oil boiling at 122-124° at 49 mm. pressure. The trichloride was 
■not described. 


9. Nonane 

Both synthetic nonane and petroleum fractions falling within 
the nonane boiling range have been chlorinated, usually to mono- 
ehlorononanes, but in no case has the structure of the product 
been proved. 

Pelouze and Cahours (124) obtained a fraction of American 
petroleum, boiling at 136-138° and with a specific gravity of 
0.741 at 15°, which from analysis and vapor density they judged 
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to be made up of nonane. Chlorine attacked this nonane when 
gently heated. A monochlorononane boiling at 196° and with 
a density of 0.899 at 16° was isolated. 

Thorpe and Young (179) passed a stream of dry chlorine through 
purified nonane under reflux in direct sunlight. Action appeared 
to start at once, with darkening of the liquid and evolution of 
hydrogen chloride. “The chlorine on passing into the heated 
liquid appeared to bum, a flash of light appearing at the end of 
the delivery tube as each successive bubble of gas passed into the 
hydrocarbon.” The passage of chlorine was stopped occasionally 
and the liquid distilled in order to prevent, as far as possible, 
the formation of highly chlorinated products. After each frac- 
tionation, the portion which distilled below 200° was exposed to 
further action of chlorine. Ultimately the greater part of the 
liquid boiled between 200° and 230°, about 40 per cent of the prod- 
uct boiling above 230°. A nonyl chloride fraction was ob- 
tained which boiled at 190-198° and had a specific gravity of 
0.8962 at 14°; it was thought to be a mixture of primary and 
secondary monochlorononanes. A fraction which boiled at about 
245° and was too small for analysis, was believed to be dichloro- 
nonane. 

By treatment with chlorine at below 65° Lemoine (100) pro- 
duced from nonane (which boiled at 132° under 759 mm. pressure 
and had a density of 0.730 at 23.8°) a monochlorononane dis- 
tilling between 180° and 184° and having a density of 0.911 at 
23.3°. He prepared monochloro derivatives from a number of 
other saturated hydrocarbons in the same way. 

10. Decanes 

n-Decane. As with other paraffins, most of the study of the 
chlorination of decane has been done on petroleum fractions, 
and very little on synthetic material. Two sorts of fractions 
have been used, one boiling at about the true boiling point of 
decane, the other at near the boiling point of isodecane. In 
work with fractions of both types, mono- and di-chloro derivatives 
have been reported, but in no case has the structure of a product 
been ascertained. 
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Besides chlorine, phosphorus pentachloride and antimony 
pentachloride have been used as agents of chlorination. 

Decane boiling at 173-174°, which Mabery (101, 104) sepa- 
rated from P enns ylvania petroleum by fractional distillation, 
reacted rapidly with chlorine in sunlight even when the intensity 
of the light was diminished by interposing a sheet of newspaper. 
The product was fractionated in vacuo. After the fourth dis- 
tillation, a small quantity of liquid was collected between 130° 
and 140° at 80 mm. ; analysis indicated it to be monochlorodecane. 
A further fraction, distilling at 170-171° under 80 mm. pressure 
and at 235-240° at 747 mm. pressure and having a specific gravity 
of 1.0126, was shown to be a dichlorodecane. 

Normal decane (101), obtained from Ohio petroleum and boiling 
at 173-174° gave a product boiling at 134-136° at 80 mm. and 
having the composition of monochlorodecane. It had a specific 
gravity of 0.8895 and distilled under atmospheric pressure with 
some decomposition at 205-210°. The chlorinated material also 
yielded a higher fraction, boiling from 170-180° at 80 mm., and 
under atmospheric pressure at 240-243° and having a specific 
gravity of 1.03, whose chlorine content was that of a dichloro- 
deeane. 

Decane (101) boiling at 173°, obtained from Canadian pe- 
troleum, similarly produced a monochloride, containing some di- 
chloride, which boiled at 205-210°. 

Schultz and Hartogh (164) found that chlorine acted so readily 
on normal decane, obtained from coal tar, that it was best to dilute 
the chlorine with carbon dioxide. From decane subjected to the 
action of diluted chlorine until the contents of the reaction fla.sk 
had increased in weight about 25 per cent, they obtained amono- 
chlorodecane fraction boiling at 180-190° at 720 mm. When 
decane was treated in the same m ann er until twice as much 
chlorine as in the first experiment had been absorbed, dichloro- 
decane was obtained, boiling at 245-250°. 

The patent of Strauss (176), covering chlorination in the vapor 
phase under diminished pressure of petroleum hydrocarbons, 
brown coal tar oils, and the like, includes, as an example, the 
halogenation of paraffin hydrocarbon mixtures boiling between 
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173° and 238° and containing decane. The use of an amount of 
chlorine not in excess of that theoretically required to produce 
the monohalide, an average reaction temperature double the 
boiling point temperature, and the addition to the reaction mix- 
ture of a small amount of iodine are recommended. 

0, 7-Dimethyloctane and decanes of unknown structure. When 
Wurtz treated synthetic diisoamyl (195, 196), or “diamyl,” at its 
boiling point with chlorine, a product was obtained which 
distilled froml65°to above 200°. Ananalysisof the fraction pass- 
ing over between 190° and 200° showed that it contained a mono- 
chlorodecane. By heating diisoamyl with phosphorus penta- 
chloride, he obtained a dichloride boiling between 215° and 220° 
and possibly also a tetrachloride. He also found that antimony 
pentachloride attacked this decane. 

From American petroleum Pelouze and Cahours (124) ob- 
tained a fraction, supposedly diisoamyl, with specific gravity 
0.757 at 15°, and boiling point 160° (the boiling point of diisoamyl) 
with which, when warm, chlorine readily reacted. The first sub- 
stitution product boiled at 200-204° and was shown by analysis 
to be a monochlorodecane. 

Schorlemmer (145) found that when chlorine was passed into 
diisoamyl (“amyl”), a liquid resulted which boiled at about 200° 
and had the composition of monochlorodecane. He stated that 
this chloride was identical with that prepared by Pelouze and 
Cahours (124) from decane obtained from American petroleum. 

By passing chlorine into the hydrocarbon exposed to diffused 
daylight, Schorlemmer (150) obtained from synthetic diisoamyl 
which boiled at 158-159° a monochlorodecane distilling at 203- 
205°. Decane, “hydride of decatyl,” isolated from rectified 
American petroleum (b. p. 157-159°) yielded a monochloride 
which also boiled at 203-205°. 

Grimshaw (60) passed dry chlorine into the vapor of boiling 
diisoamyl, using the methods he had employed with 2-methyl- 
hexane and had described in an earlier paper (59). In the pres- 
ence of an excess of chlorine or of too much light there was more 
danger of decomposition and ignition of the decane vapor than 
during treatment of the heptane. The chlorinated product dis- 
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tilled entirely between 198° and 217°, giving two main fractions, 
one boiling at 198-202° and the other at 208-213°. 

Mabery (101) chlorinated decane from Pennsylvania petroleum 
(boiling at 163-164°) in sunlight moderated by passing through a 
sheet of paper. Seventeen grams of chlorine reacted with 45 
grams of the hydrocarbon. The chlorine was absorbed as fast 
as it was passed over the surface of the liquid, and hydrogen 
chloride was evolved. The reaction generated sufficient heat to 
maintain the temperature at about 70°. After ten distillations 
at 80 mm. pressure 6 grams of a monochlorodecane was collected 
at 125-130°. It had a specific gravity of 0.8914 at 20°, and at 
atmospheric pressure distilled at 197-203°. Eight fractionations 
of the higher chlorinated products yielded 15 cc. of an oil which 
was collected at 160-170° under 80 mm. pressure, had a specific 
gravity of 1.0187 at 20° and according to analysis was a dichloro- 
decane. 

Similarly 46 grams of decane boiling at 163°, from Ohio pe- 
troleum (101), was exposed to the action of chlorine until the 
weight had increased 11 grams. After the chlorinated product 
had been fractionated twelve times at 80 mm., 15 cc. was collected 
at 130-135°; the fraction boiled at 200-208° under atmospheric 
pressure, and was shown to have the composition of a monochloro- 
decane. Twelve further distillations of the chlorinated product 
yielded 10 cc. boiling between 160° and 170° at 80 mm. The 
analysis indicated a diehlorodecane. 

A distillate from Canadian petroleum (101), boiling at 160- 
161°, behaved toward chlorine as did the corresponding fractions 
from Ohio and Pennsylvania oils. At atmospheric pressure the 
monochlorodecane produced boiled at 200-204°. A distillate from 
Berea grit petroleum boiling at 162° also yielded a monochloro- 
decane, which boiled at 120—130° at 80 nun , pressure. 

Lemoine (100) found that when decane with a boiling point 
of 155° and density of 0.908 at 19° was treated with chlorine at 
a temperature below 65°, it yielded a monochlorodecane which 
boiled at 201-203° . 

Cloez (34) obtained, among other hydrocarbons, “decane” 
boiling at 155—160° by the action of hydrochloric acid on cast 
iron, and found that the decane reacted with chlorine. 
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Hartmann (61) treated diisoamyl first with chlorine and then 
with antimony pentachloride in sealed tubes at 360°, and obtained 
about equal parts of carbon tetrachloride, hexachloroethane, and 
hexachlorobenzene, with a trace of perchloromesole, C 4 Cla (hexa- 
chlorobutadiene) . 


11. TJndecane 

When heated gently and treated with chlorine, undecane 
readily undergoes substitution. Monochloro and dichloro deriva- 
tives of the products have been separated, but no structures have 
been established. 

From the fractionation of American petroleum, Pelouze and 
Cahours (124) reported an “undecane” boiling at 180-182° and 
having a specific gravity of 0.765 at 16°. Chlorine reacted with 
the hydrocarbon when heated gently. The product, a slightly 
amber-colored liquid, boiled mainly at 200-224°. 

An undecane, boiling at 178-180° and having a specific gravity 
of 0.769, was separated by Cloez (34) from the oil produced by 
the action of hydrochloric acid on manganiferous cast iron. Chlo- 
rine was said to act on this undecane and form substitution prod- 
ucts, but these were not described. 

Mabery (101) prepared chlorine derivatives of undecane ob- 
tained from Pennsylvania petroleum, and boiling at 196°, by 
allowing 40 grams of oil to absorb 14 grams of chlorine. Sub- 
stitution began with the greatest readiness as soon as the chlorine 
came in contact with the hydrocarbon. After five distillations 
of the product, 10 cc. collected at 145-150° under 80 mm. pressure 
and distilled without decomposition between 225° and 230° at 
747 mm. Its analysis corresponded to that of a monochloro- 
undecane. Mabery believed that a dichloroundecane was also 
formed in the chlorination, since in the distillation at 80 mm. 
pressure, about 5 cc. collected at 190-200° and gave a percentage 
of chlorine only 2 per cent below the theoretical value for this 
compound. 

Undecane (101), derived from Ohio petroleum andboiling at 196° 
gave, when subjected to chlorination, a halide which was obtained 
in small quantity and boiled at 150-155° under 80 mm. pressure. 
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To Mabery the high boiling point was evidence that the chlori- 
nation had gone so far that the monochloroundecane could not 
be separated completely from the dichloro derivative. From a 
fraction of Canadian petroleum boiling at 196°, Mabery (101) 
isolated a monochloroundecane fraction which boiled at 145-150° 
at 80 Tnm. and at 220-228° at atmospheric pressure. 

Strauss’s process (176) of chlorinating petroleum hydrocarbon 
vapors under diminished pressure was said to be applicable to 
hydrocarbon mixtures which boiled between 173° and 238° and 
contained undecane. 


12. Dodecane 

The work to date on dodecane, like that on other hydrocarbons 
near it in molecular weight, is fragmentary and indefinite, due to 
the use of petroleum fractions as starting material, and failure 
to identify individual products. Mainly the formation of mono- 
and di-chlorododecanes has been reported. 

Pelouze and Cahours (124) separated from American petroleum 
a “dodecane” fraction which boiled at 196-200° and had a specific 
gravity of 0.778 at 20°. They chlorinated it with the aid of 
gentle heating, stopping the reaction before all of the hydrocarbon 
had been acted upon, and obtained as a large proportion of the 
product a monochloride boiling at 242-245°. 

Mabery (101) allowed a dodecane, obtained from Pennsylvania 
petroleum and distilling completely at 214-216°, to react with 
chlorine until 95 grams of the hydrocarbon had absorbed 30 
grams of the halogen. After six fractional distillations at 80 mm. 
pressure, 20 cc. of the product was collected at 142-153°. It 
distilled at 230-235° under atmospheric pressure. Analysis and 
molecular weight determinations showed it to be a monochloro- 
dodecane. 

A fraction from Ohio petroleum (101), boiling at 212-214° and 
having a specific gravity of 0.7728, reacted readily with chlorine, 
and fractional distillation of the product at 80 mm. pressure 
yielded two main fractions, one collected at 150-160° and the 
other at 190-t200°. The chlorine content of the 150-160° distil- 
late was about 0.7 per cent lower than that of a dichlorododecane. 
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Strauss (176) claimed that paraffin hydrocarbon mixtures con- 
taining dodecane could be converted into the monochloro deriva- 
tives by treatment under diminished pressure at a temperature 
approximately double that of the boiling point of the hydrocarbon 
and preferably with the addition of a small amount of iodine. 

Cloez (34) found that chlorine attacked dodecane (density 
0.782, b. p. 195-198°) obtained by treating manganiferous cast 
iron with hydrochloric acid. Brazier and Gossleth (23) found 
that in diffused daylight ?i-dodecane was attacked vigorously by 
chlorine and was converted rapidly into a viscous mass which 
could not be purified for analysis. 

13. Tridecane 

The work which has been done on tridecane is very indefinite, 
both as regards the purity of the starting material and the identity 
of the products formed, which usually had the chlorine content 
of monochloro derivatives. From American petroleum Pelouze 
and Cahours (124) isolated a “tridecane” fraction boiling at 216- 
218°, which they chlorinated in diffused light. The first substitu- 
tion product boiled at 258-260°, and on the basis of a chlorine 
determination was called a monochlorotridecane. 

After thirty-two fractional distillations, Mabery (102) obtained 
from Pennsylvania petroleum a hydrocarbon material boiling at 
226°, which after purification had a specific gravity of 0.7834, and 
about the molecular weight of a tridecane. Chlorine was allowed 
to act on this hydrocarbon in screened s unligh t over water, care 
being taken to avoid an excess of the halogen. After the product 
had been fractionally distilled several times under a pressure of 
12 mm. a considerable portion was collected at 135-140°. This 
fraction, which had a specific gravity of 0.8974 at 20°, had the 
chlorine content of a monochlorotridecane. 

Strauss’s patent (176) gives as an example of his process for 
preparing monohalogen derivatives of higher paraffin hydrocar- 
bons the reaction of a hydrocarbon mixture containing tridecane 
in the vapor phase under diminished pressure with a controlled 
quantity of chlorine. 
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14. Tetradecane 

Pelouze and Cahours (124) chlorinated a fraction from Ameri- 
can petroleum boiling between 236° and 240° (b. p. of tetradecane 
is 252.2°) and having a density of 0.809. Chlorine reacted readily 
and formed an amber-colored liquid which boiled at 280°, and by 
reason of its carbon and hydrogen content (a very poor criterion) 
was thought to be a monochlorotetradecane. 

By twenty-four distillations at 50 mm. pressure, Mabery (102) 
obtained from Pennsylvania petroleum a fraction which boiled 
at 236-238° at atmospheric pressure. Chlorination and distil- 
lation of the product at 20 -mm . gave a fraction boiling at 150-153° 
(specific gravity of 1.9185) which had a chlorine content 0.4 per 
cent higher than that of a monochlorotetradecane. A higher 
boiling fraction which was collected at 175-180° under 17 mm . 
and had a specific gravity of 1.032, had the chlorine content of 
a dichlorotetradecane. It should be borne in mind, however, 
that the differences in chlorine content of two homologous com- 
pounds, say of a chlorotetradecane and a chloropentadecane, is 
only 0.6 per cent, an amount so small that the halogen deter- 
minations frequently cited in proof of the identity of chlorine 
derivatives are almost valueless, particularly in view of the fact 
that the chloride fraction usually boiled over a considerable range 
and was made from an impure hydrocarbon material. 

15. Pentadecane 

As far as showing anything about the properties of pentadecane 
is concerned, the work which has been reported on material sup- 
posed to contain this hydrocarbon is worthless. 

Chlorination by Pelouze and Cahours (124) of a fraction of 
American petroleum boiling between 255° and 260° (pentadecane 
boils at 270.5°) and having a specific gravity of 0.825 at 19°, gave 
a number of products, of which the lowest boiling fraction, the 
only one studied, was thought to be a monochloropentadecane. 

The pentadecane fraction which Mabery (102) isolated by 
fractionating Pennsylvania petroleum distilled at 256-257° under 
760 mm. pressure. After treatment with fuming sulfuric acid, 
its specific gravity was 0.7896 at 20°. Mabery did not succeed 
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in obtaining a monochloride, perhaps, in part, because he had 
only a small amount of the starting material. The chlorinated 
product boiled mainly at 175^180° under 50 mm. pressure. Chlo- 
rine and molecular weight determinations gave approximately the 
values for a dichloropentadecane. 

Foote and Kremers (48) reported that “appreciable amounts of 
chlorination products” resulted from the action of nitrosyl chloride 
on pentadecane from Kaempferia Galanga L. 

16. Hexadecane 

A substance supposed to be hexadecane, which Mabery (102) 
separated from Pennsylvania petroleum and which boiled at 275- 
276° under 760 mm. pressure (the accepted b. p. of n-hexadecane 
is 287.5°), yielded what was apparently a dichloro derivative, 
distilling between 205° and 210° under 16 mm. pressure and having 
a specific gravity of 1.0314 at 20°. 

17. Heptadecane 

The fraction which boiled, after Mabery’s (102) forty-second 
distillation of Pennsylvania petroleum, at 188-190° at 50 mm. 
pressure and at 288-289° at atmospheric pressure (accepted b.p. 
of heptadecane is 303°), and had a specific gravity of 0.800, was 
thought from its analysis and molecular weight to be heptadecane. 
The main portion of the product of its chlorination boiled at 175- 
177° under 15 mm. pressure, had a specific gravity of 0.8962 at 
20°, and the chlorine content of a monochloroheptadecane. 

. 18. Octadecane 

Mabery (102) obtained from Pennsylvania petroleum a fraction 
which distilled, for the most part, at 300-301° and had a specific 
gravity of 0.8017. Molecular weight determinations and com- 
bustion analyses gave the data corresponding to octadecane 
(accepted b.p. 317°). The product obtained by the action of 
chlorine boiled at 185-190° under 15 mm. pressure, and had a 
specific gravity of 0.9041 at 20°, with the chlorine content of a 
monochlorooctadecane. By bringing chlorine into contact with 
octadecane mixed with an alkali metal or arsenic and phosphorus. 
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PokLnyi and von. Bogdandy (132) claimed to produce chlorinated 
substances which, by hydrolysis and oxidation could be converted 
into soap acids. 


IV. BROMINATION 

In general, bromination of the paraffins takes place with con- 
siderably more difficulty than chlorination. Moreover, the forma- 
tion of polybromo derivatives of the paraffins proceeds to a smaller 
degree than does the formation of compounds containing several 
atoms of chlorine. Vigorous chlorination, at least of the lower 
paraffins, can replace the hydrogen atoms entirely; bromination, 
however, generally proceeds only until each carbon atom has a 
single bromine atom attached. Further bromination can be 
brought about only by most vigorous methods, which are likely to 
rupture the carbon chain. 

The published work on bromination of these hydrocarbons is 
fragmentary and incomplete. On the gaseous paraffins almost no 
work has been done, nor is the data on the higher members of the 
series at all satisfying. Often only a single, monobromo deriva- 
tive has been isolated, and no study given to higher products. 

Schorlemmer (159) concluded “that by the action of bromine 
on normal paraffins only secondary bromides of the general formula 
C n H 2n +iCHBrCHs are produced, but not a trace of primary bro- 
mide. In addition to the secondary bromides other products are 
formed, which on distillation either decompose completely, or 
are resolved into hydrogen bromide and unsaturated hydrocar- 
bons which are probably olefins.” However, some workers have 
reported the formation of primary bromo paraffins. 

Mereshkowsky (110, 111) has attempted to coordinate the 
available results on the bromination of the paraffins. 

“It is known from the author’s experiments (bromination of pro- 
pylene, isobutylene, tribromoisobutane, tetrabromoisobutane, and later 
tribromoisopentane) and previous work on this subject that specific 
catalysts not only influence the rate and initial direction of halogenation, 
but also determine the simultaneous production of different end- 
products, if the reaction is allowed to continue; the production of 
polyhalogenated isomerides may therefore be selectively catalysed. 
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The catalysts used are shown to form the following series in the order of 
decreasing production of the more symmetrical isomeride: (1) pure 
bromine without a catalyst; (2) metallic iron; (3) metallic aluminum or 
aluminum tribromide; (4) ferric bromide. 

“The substitution rules of Markovnikov, Stadel, and V. Meyer are 
combined and extended as follows: 

(1) If the number of carbon atoms in the hydrocarbon is n, then, 
either with or without a catalyst at temperatures below 100°, n — 1 
halogen atoms will become successively attached to carbon atoms on 
which substitution has not yet occurred. 

(2) If n — 1 atoms of the hydrocarbon already carry a halogen atom, a 
further, halogen atom will enter partly on the remaining halogen-free 
carbon atom, and partly on that one of the other carbon atoms which 
carries the greatest number of hydrogen atoms. 

(3) Further substitution generally occurs on the carbon atom bearing 
the greatest number of hydrogen atoms. 

(4) Substitution always occurs in several directions depending on the 
catalyst.” 

While these rules may be correct, sufficient experimental data 
are not available so that they may be considered proven. Except 
in the case of a few of the lower members of the series, the struc- 
ture of the successive bro min e derivatives of the individual paraf- 
fins has not been accurately determined. 

1. Methane 

Except in patents, there seems to be no report of a direct action 
of bromine on methane. Schroeter (163) patented a process for 
producing methyl bromide by passing a mixture of bromine and 
methane, or gas mixtures containing methane, over iron or other 
catalysts at a temperature above 200°. The iron catalyst could 
be replaced by small quantities of copper, copper oxide, copper 
carbonate, or copper bromide, by nickel, cobalt, or mixtures of 
these metals, or by compounds of other metals having more than 
one valence. 

"When a small amount of bromine was used, the product was 
reported to be about one-half unchanged methane and the re- 
mainder methyl bromide and hydrogen bromide; methylene bro- 
mide and bromoform were also formed if more bromine and a 
higher temperature was used. 
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The Elektrochemische Werke, Bosshard, Steinitz und Strauss 
(43) claimed the bromination of methane by mixing it with a 
current of gaseous bromine in the absence of catalysts, under 
atmospheric or elevated pressure at 300-450°. For example, 1 
part of methane and 12 parts of bromine passed through quartz 
tubes at 400° yielded about 3.1 parts of methylene bromide, 3.1 
parts of bromoform, and a small amount of carbon tetrabromide. 
It was reported that any of the four bromine derivatives could be 
obtained in predominating amount by varying the proportion of 
bromine to methane. 

Merz and Weith (113) concluded from experiments on the 
bromination of methyl iodide that methane would be changed 
into carbon tetrabromide by direct bromination at 180°. 

8. Ethane 

An early patent by Mallet (107) claimed the production of 
bromine derivatives of ethane bypassing a mixture of hydrocarbon 
and the halogen through a layer of animal charcoal or other porous 
contact material at a temperature between 30° and 90°. 

That ethane would be converted into ethylene tetrabromide 
and hexabromoethane by the action of bromine in the presence 
of iodine at 200-250° was predicted by Merz and Weith (113) 
from experiments on ethyl iodide. 

3. Propane 

By using elevated temperatures, Snelling (173) was able to apply 
his patented chlorination process to the bromination of propane. 
The halogen and excess hydrocarbon reacted in a vessel from which 
the gas mixture was circulated into contact with a solvent to re- 
move the haiogenated product. 

Merz and Weith (113) believed that they could forecast, from 
work on allyl bromide, the behavior of propane on energetic bromi- 
nation. This substance at 210°, using iodine as a bromine carrier, 
yielded a liquid pentabromo derivative, which at still higher tem- 
peratures gave carbon tetrabromide, hexabromoethane, and tetra- 
bromoethylene. 
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4 . Butanes 

n-Butane. Butane treated with bromine under exposure to sun- 
light and gentle heat produced liquids consisting mainly of poly- 
bro mina ted compounds. Heating butane and bromine for several 
hours at 100° gave butylene dibromide and unidentified products. 

Frankland (50) observed that bromine reacted with butane if 
both gases were exposed to direct sunlight and heated gently. 
Carius and Lisenko (29) heated bromine and butane several hours 
at 100° in a sealed bulb. They obtained a colorless liquid which 
had the bromine content of a butylene dibromide, and distilled 
without decomposition between 155° and 162°. 

Butlerov (26, 27) obtained no decisive results from the action 
of one mole of bromine per mole of butane in daylight, but as a 
product obtained a heavy, oily, difficultly volatile material which 
consisted mainly of polybrominated substances. 

Merz and Weith (113) continued their conjectures regarding 
hydrocarbon bromination by stating that because butyl bromide 
gave tetrabromoethylene by the action of bromine at 160-250° 
the same results would necessarily follow from butane. They 
believed that bromination would be easier than chlorination of 
this hydrocarbon. 

Isobutane. Butlerov (26, 27) obtained no definite products 
from the reaction of equimolecular amounts of isobutane and 
bromine. As with n-butane, a heavy, high-boiling liquid was 
obtained consisting mostly of highly brominated derivatives. The 
bromine reacted more readily with the isobutane than with the 
normal hydrocarbon. Merz and Weith (113) secured from iso- 
butyl bromide at 175° a hexabromoisobutane and at 300-340° 
hexabromoisobutylene. They thought they would have obtained 
the same results from isobutane. 

5. Pentanes 

Only one report of bro min ation of pentane has been published. 
Poni (133) found bromopentanes in the products of bromination 
of a fraction of Colibasi petroleum boiling at 0-10°. The hydro- 
carbon material and bromine were in contact from four to fourteen 
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days in the presence of water and diffused sunlight. The bromo- 
pentanes identified and their properties were as shown in table 3. 

As has been mentioned, Dow (41) suggested chlorination fol- 
lowed by distillation to separate pentane from carbon disulfide. 
He also proposed bromination in the presence of iron for this 
purpose. 

A number of workers have reported that bromine has no action 
on pentane; among them are Pelouze and Cahours (124), Lacho- 
wicz (87) and Routala (140). 

6. Hexanes 

n-Hexane. While more work has been done on the bromination 
of hexane than of its lower homologs, the results are sketchy and 


TABLE 3 

Bromination of Colibasi 'petroleum fraction boiling between 0° and 10° 

(Poni) 


! 

PRODUCT 

BOILING POINT 

i 

s 

1 

108-109° at 745 mm. 

with decomposition 
89-91° at 749 mm. 

64-65° at 43 min. 

82-83° at 49 mm. 

l-Bromo-2 , 2-dimethylpropane 

1 , l-Dibromo-2 , 2-dimethylpropane 2 

l,3-Dibromo-2, 2-dimethylpropane 



far from satisfactory. Apparently bromine reacts slowly, if at 
all, in the cold without li^ht, but in sunlight, at higher tempera- 
tures, or in the presence of catalysts, reaction is quite rapid. 
Monobromohexanes have been isolated in pure form; dibromo 
derivatives also form readily, while under extreme conditions oxi- 
dation seems to take place with the formation of derivatives of 
benzene. 

In 1860, Riche (134) observed that bromine attacked briskly 
a substance supposed to be re-hexane (b.p. 58°, specific gravity 
0.688 at 0°; accepted b.p. of n-hexane 69°) obtained by the action 
of barium oxide on n-heptoic acid, and substitution products were 

* The constitution of the last two substances was deduced from the rule that 
the lower boiling of two disubstituted derivatives has the two substituting atoms 
closer together (Henry). 
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formed. Pelouze and Cahours (124) found that bromine reacted 
with liquid hexane and produced dibromohexane, but no mono- 
bromide could be isolated even when not more than an equimolecu- 
lar quantity of bro min e was used. The amount of bromine used 
reacted with half of the hydrocarbon present forming the di- 
bromide, which boiled between 210° and 212°. 

Wanklyn and Erlenmeyer (190) found that bromine acted with 
great difficulty on a hexane which boiled at 68.5-70°. When six 
volumes were sealed with one volume of bromine and exposed to 
bright sunlight for many hours, no reaction took place, nor was 
any effected by heating to 120°, although a change took place 
slowly when the mixture was exposed to sunlight after heating. 
Wanklyn and Erlenmeyer did not describe the products of the 
bromination but simply stated that “torrents of hydrobromic acid 
escaped” when the tube was opened. 

Merz and Weith (112) assumed that hexane would brominate 
readily — they believed more readily than it would chlorinate — 
because hexyl iodide brominated smoothly at 120-130° to hexa- 
bromohexane, octabromohexane, octabromohexylene, and a com- 
pound CsBr s . 

In order to avoid the formation of polybromohexanes, Schor- 
lemmer (159) allowed bromine to vaporize into gaseous hexane 
in the sunlight, and stopped the action when half of the hydro- 
carbon had reacted. The chief product was proved by conver- 
sion to the corresponding alcohol, which on oxidation with chromic 
acid gave acetic and butyric acid, to be 2-bromohexane. 

Michael and Gamer (114), using Schorlemmer’s method, 
dropped bromine slowly into the upper part of a reflux condenser 
while hexane was kept boiling in a flask below. In sunlight, re- 
action took place instantly. The main product, boiling at 143- 
146°, consisted of 2-bromohexane and 3-bromohexane together 
with a small amount of higher boiling oil. These workers had 
previously found that heating hexane and bromine in sealed tubes 
produced polybromohexanes in considerable quantities. 

Herzfelder (62) brominated n-hexane heated on a water bath 
under reflux in the presence of a spiral of iron wire. Hexabromo- 
hexane was produced when bromine and hexane were used in the 
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molar proportions of 7: 1. Herzf elder assumed that one bromine 
atom combined with each carbon. 

Blair, Ledbury and Wheeler (19) found that when fi-hexane vapor 
was passed into bromine containing a little water, p-dibromoben- 
zene, and trans-benzene hexabromide formed. The mechanism 
of the reaction was not clear, but since benzene volatilized into 
bromine by means of nitrogen yielded results identical with those 
given by hexane, these investigators thought it possible that, due 
to oxidation of the hexane by bromine, cyclohexane and then 
benzene were formed, and the benzene was then converted by 
the excess of bromine into the hexabromide and the dibromo 
compound. 

Kaufmann and Hansen-Schmidt (77) found that 0.12V solutions 
of bromine in carbon tetrachloride, carbon disulfide, and methyl- 
alcohol containing sodium bromide, left in contact with hexane 
in the dark remained unchanged for two weeks. When the same 
systems were exposed to diffused daylight for 22 days, 28 per 
cent of the bromine in the carbon tetrachloride solution combined 
with the hexane while but 3 per cent of the bromine disappeared 
from each of the other two solutions. 

Lachowicz (87) reported that hexane withstood the action of 
bromine in the cold. 

2 , 3-Dimethylbvtane (< diisopropyl ). Silva (165) observed that 
if bromine and diisopropyl were permitted to react at a “mild” 
temperature and in sunlight a crystalline dibromo derivative was 
formed, but no monobromide was isolated. 

7. Heptanes 

Bromxnation of heptane is more satisfactory than that of any 
of the lower paraffins. Reaction with bromine does not occur 
in the dark, even in the presence of iodine or al uminum bromide, 
but it is rapid at water-bath temperature or in sunlight. The 
first product is apparently 2-bromoheptane. More highly bromi- 
nated products form, but are difficult to identify because of their 
instability. 

VrHeptane. Pelouze and Cahours (124) noted that heptane 
from American petroleum (b.p. 92-94° ; accepted b.p. of n-heptane 
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98.4°) was not acted upon by bromine at ordinary temperature 
and pressure. 

Sehorlemmer ( 144) observed that hydrogen bromide was evolved 
slowly whenamixtureof bromine andheptane, "hydride of heptyl,” 
was exposed to direct sunlight or heated in sealed tubes in the 
water-bath. The action, much less energetic than that with 
chlorine, was hastened by the addition of a little iodine. On 
distillation the products decomposed with evolution of hydrogen 
bromide and separation of a tarry mass in the flask. 

Sehorlemmer (159) found that heptane was attacked slowly in 
artificial light, but more readily than was hexane. A bromo 
derivative was obtained which distilled at 165-167° and was found 
to be 2-bromoheptane. Much of the products decomposed during 
distillation into carbonaceous matter, hydrogen bromide, and 
heptene. 

The work of Venable (186) showed that bromine did not act 
appreciably in the cold on normal heptane from Pinus sabiniana 
even in the presence of iodine or al uminum bromide. On the 
other hand, hydrogen bromide was evolved copiously when bro- 
mine was dropped into the gently boiling hydrocarbon. Best 
results were obtained by the addition of 75 per cent of the theoret- 
ical quantity of bromine required for the monobromide. The 
product was separated by distillation into three fractions: un- 
changed heptane; a main fraction of heptyl bromide, equivalent 
to about 33 per cent of the heptane; and a high-boiling mixture 
of other brominated and decomposition products. The mono- 
bromide boiled under ordinary pressure at 165-167°, and ap- 
peared to be identical with Sehorlemmer^ 2-bromoheptane. The 
higher boiling products were difficult to separate, since they could 
not be distilled without decomposition. A very unstable fraction 
boiling at 182-185° was not investigated. If the fraction boiling 
above 170° was distilled after being allowed to stand for some time, 
it evolved hydrogen bromide and yielded a “fair proportion” of 
a liquid boiling at 164-167°, which was similar to heptyl bromide. 

Later, Venable (187) found when the theoretical amount of 
bromine for a monobromoheptane was added as rapidly as it 
could be absorbed by hot heptane, the yield of secondary bromide 
was about as before, from 25 to 30 per cent of the theoretical. 
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Wheeler (191) made several unsuccessful attempts to increase 
Venable’s yield of secondary heptyl bromide. His method was 
the same except that during the bromination he imposed an in- 
crease in pressure on the boiling heptane equivalent to 190 mm. 
of mercury. He also used more bromine than Venable, and by 
this nr»«>a.r>R increased the yield of secondary bromide by 18 per 
cent, obtaining at the same time a “much greater increase” in 
the bromides of higher boiling point. 

Francis and Young (49) treated a fraction from American pe- 
troleum, boiling between 96.5° and 102°, with bromine in the 
presence of al uminum bromide. Polybromo derivatives of both 
paraffin and polymethylene hydrocarbons were formed, but no 
monobromides could be isolated from the product. Without the 
catalyst, a petroleum fraction boiling from 93.5° to 102° was 
heated with bromine, and yielded a substance reported as n- 
heptyl bromide. 

Cohen and Dakin (35) found that in the presence of an alumi- 
num-mercury couple, bromine acted rapidly on a heptane fraction 
from light petroleum boiling at 95-100°. On fractionation of the 
product, a liquid boiling at 110-120° under 100 mm. pressure 
distilled over, which they stated was “probably heptylic bromide.” 
The residue in the flask, on cooling, formed a colorless crystalline 
mass with a strong camphor-like odor. From this, two crystalline 
substances were obtained. The first, reciystallized from alcohol, 
melted at 88-90° and from its bromine content appeared to be 
tetrabromoheptane. The second, only slightly soluble in alcohol, 
crystallized from glacial acetic acid in colorless needles melting 
at 250°. As it contained the same percentage of bromine as the 
first product, it was thought that it might be polymeric with the 
low-melting substance. The possible structure of such a polymer 
was not explained. 

Isoheptane. Francis andfYoung (49) produced an isoheptyl 
bromide, boiling at 83-84° under 70 mm. pressure, by heating 
bromine with a petroleum fraction boiling between 93.5° and 102°, 
and rich in isoheptane. That it was an isoheptyl derivative was 
proved by its reduction to isoheptane by the zinc-copper couple 
and hydrochloric acid. 
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8. Octane 

Riche (134) found that bromine slowly attacked octane, pre- 
pared by distilling sebacic acid with barium oxide, and produced 
a viscous mixture of substitution products. On the other hand, 
Pelouze and Cahours (124) stated that bromine had no effect on 
an octane fraction from American petroleum. The octane of 
Pelouze and Cahours boiled between 116° and 118° (accepted b.p. 
of n-octane 124.6°) and had a density of 0.725 at 15°. 

9. Decanes 

n-Decane. Lachowicz (87) found that under the influence of 
direct sunlight, the action of bromine on normal decane was very 
brisk and hydrogen bromide was evolved copiously. When dec- 
ane was heated to 55° with bromine it ignited and burned with 
a luminous flame. Berthelot (17) observed that bromine did not 
act on the decane obtained by the hydrogenation of “diamylene.” 

2,7 -Dimethyloctane ( diisoamyl ). Lachowicz (87) reported that 
bromine acted very slowly on diisoamyl in diffused light, but 
vigorously in direct sunlight. Bromine vapor was carried by a 
stream of dry carbon dioxide into a reaction vessel, equipped with 
a reflux condenser, where the halogen mixed with the vapors of 
boiling diisoamyl. No brominated substance could be isolated 
because the product split into deeylene and hydrogen bromide on 
distillation. 


10. Dodecane 

In 1851 Brazier and Gossleth (23) stated that even in sunlight 
bromine had practically no action on dodecane (“caproyl”), 
boiling at 202° (accepted b.p. of dodecane 216°), which they ob- 
tained by electrolysis of the potassium salt of n-heptoic acid. A 
supposed dodecane, boiling at 196-200° and having a specific 
gravity of 0.778 at 20°, which Pelouze and Cahours (124) ob- 
tained by the fractionation of American petroleum, was also 
una ttacked by bromine in the cold. Later, Cloez (34) found that 
a “dodecane” which boiled at 195-198° reacted with bromine, but 
he did not describe the conditions of the experiment or the prod- 
ucts obtained. 
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11. Tridecam 

The “tridecane” which Pelouze and Cahours (124) separated 
from American petroleum had a specific gravity of 0.796 at 20° 
and boiled at 216-218° (accepted b.p. of tridecane 234°). This 
“tridecane” did not react with bromine. Barbier (10) also stated 
that tridecane was not attacked in the cold. On the other hand, 
Cloez (34) found that while an aqueous solution of bromine had 
no effect on this hydrocarbon, bromine itself would react with 
liberation of hydrogen bromide. 

12. Pentadecane 

Berthelot (17) reported that pentadecane did not react with 
bromine. Later, van Romburgh (185) found that the penta- 
decane which he isolated from the essential oil of Kaempferia 
galanga L. was unattacked by a solution of bromine in chloroform. 
Willstatter, Mayer, and Huni (193) observed that bromine did 
not attack a pentadecane which was produced in small amount 
from phytol. 


V. IODINATION 

It is generally stated that iodine will not react with the paraf- 
fins. This failure to substitute is attributed by Richter (135) to 
the reversibility of the reaction, the hydrogen iodide formed serv- 
ing to reduce the alkyl iodides. This hypothesis is borne out by 
the fact that Datta and Chatterjee (39) were able to obtain a 
small amount of iodohexane by heating hexane under reflux with 
iodine and concentrated nitric acid, which no doubt destroyed 
the hydriodic acid. A “good deal” of iodohexane was hydrolyzed 
by the nitric acid as soon as formed. Richter (135) also states 
that in the presence of other substances capable of decomposing 
or uniting with hydriodic acid, such as iodic acid or mercuric oxide, 
substitution by iodine may be brought about. 

VI. SUMMARY 

Table 4 is a resume of the products which have resulted from 
the action of chlorine and bromine upon the paraffin hydrocarbons. 
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TABLE 4 


Substances identified in the products of the action of chlorine and of bromine on 


paraffin hydrocarbons 




PRODUCT REPORTED FROM ACTION OF 

HYDBOCABBON 


Chlorine 

Bromine 

Methane 

Synthetic and 

Methyl chloride, di- 

Methyl bromide, 


from natural 

chloromethane, 

dibromometh- 


gas 

chloroform, and car- 

ane, bromo- 



bon tetrachloride 

form, and car- 
bon tetra- 
bromide 

Ethane 

Synthetic 

Ethyl chloride and di- 

Hexabromo- 



chloroethane 

ethane and 

tetrabromo- 

ethylene 


Coal gas and nat- 

Ethyl chloride, di-, tri-, 



ural gas 

and hexa-chloro- 
ethane 


Propane 

Synthetic 

n-Propyl chloride, 1,2- 




dichloropropane, a 
trichloropropane, a 
tetrachloropropane 
(m.p. 177-178°), and 
hexachloropropane. 
Also carbon tetra- 
chloride and hexa-| 
chloroethane from ac- 
tion of chlorine and 
heat 


Butane 

Synthetic 

Butyl chloride, butyl- 

Butylene dibro- 



ene dichloride, and 

mide, b.p. 155— 



“ ‘higher” products 

162° 


American 

Butyl chloride 



petroleum 



2-Methylpro- 

Synthetic 

Carbon tetrachloride 

* ‘Highly bromin- 

pane (isobu- 


and hexachloroethane 

ated deriva- 

tane) 

Pennsylvania 

Isobutyl chloride and a 

tives” 


petroleum 

dichlorobutane boil- 
ing at 121-122° 



r 
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TABLE 4— Continued 


HYDROCARBON 


PRODUCT REPORTED FROM ACTION OF 



Chlorine 

Bromine 

Pentane 

Synthetic 

American 
petroleum 
Natural gasoline 

Galician 

petroleum 

CbHsCU boiling at 230- 
240° 

A monochloropentane 

Amyl chlorides, di- and 
tri-chloropentanes 
Primary and secondary 
monochloropentanes 


2-Methylbu- 
tane (isopen- 

Galician 

petroleum 

Monochloro derivatives 


tane) 

Ohio and Penn- 
sylvania pe- 
troleum. 
“Mineral” 

Oil 

Colibasi 

petroleum 

An isoamyl chloride and 
a dichloropentane 

By dry chlorination 1-, 
2-, 3-, and 4-chloro- 
2-methylbutane 

By chlorination in pres- 
ence of moisture — 
primary isoamyl 
chloride 

2-Bromo-2- 

methylbutane 

2,2-Dimethyl- 

Colibasi 


1-Bromo-; 1,1- 

propane 

(tetra- 

methyl- 

znethane) 

petroleum 


andl,3-di- 

bromo-2,2- 

dimethyl- 

propane 

Hexane 

Synthetic 

1-, 2-, and 3-chloro- 
hexane 

2- and 3-bromo- 
hexanes, hexa- 
bromohexane, 
p-dibromo- 
benzene and 
benzene hexa- 
bromide 


American 

Mono-, di-, tri-, tetra-, 
and hexa-chlorohexane 

Dibromohexane, 


petroleum 

b.p. 210-212° 

2,3-Dimethyl- 

Synthetic 

Mono- and di-chloro- 

Dibromodi iso- 

butane 


diisopropyl 

propyl 

(dii&opropyl) 

Baku petroleum 

Primary and secondary 
monochlorodi- 
isopropyl 
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HYDROCARBON 

Heptane 


2-Methylhex- 
ane (isohep- 
tane) 


Octane 


2,5-Dimethyl- 
hexane (di- 
isobutyl) 


Nonane 


Decane 


TABLE 4 — Continued 

PRODUCT REPORTED PROM ACTION OP 



Chlorine 

Bromine 

Synthetic 

A monochloride 

2-Bromoheptane, 

Pinus sabiniana 

1- and 2-Chloroheptane 

b.p. 165-167° 
Monobromide, 

Petroleum 

A monochloride and 

b.p. 165-167° 

Light petroleum 

small amounts of 
higher chlorides 

Mono- and tetra- 

Synthetic 

A mono- and a di- 

bromoheptane 

Petroleum 

chloroisoheptane 

Isoheptyl brom- 

Synthetic (dis- 

Mixture of chloro- 

ide, b.p. 83-84° 
at 70 mm. 

Viscous mixture 

tillation of se- 

octanes 

of products 

bacic acid) 

Petroleum 

2-Chlorooctane 


Synthetic 

Mixture of primary and 


Synthetic 

secondary diisobutyl 
chlorides 

Carbon tetrachloride, 


(treated with 

hexachloroethane, 


antimony pen- 

andhexachloro- 


tachloride) 

benzene 


American 

A monochlorononane 


petroleum 

Synthetic 


Vigorous action 

Pennsylvania, 

A mono- and a di-chloro- 

in sunlight, but 
product was 
not identified 

Ohio, and 

decane 



Canadian 

petroleums 
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HYDROCARBON 


2,7-Dimethyl- 
octane (di- 
isoamyl) 


Undecane 


Dodecane 


Tridecane 


Tetradecane 


TABLE 4 — Continued 

PRODUCT REPORTED FROM ACTION OF 

Chlorine Bromine 


Synthetic A monochlorodecane 


Synthetic 

(treated with 
antimony pen- 
tachloride) 

American 
petroleum 
Pennsylvania 
and Ohio pe- 
troleums 


Carbon tetrachloride, 
hexachloroethane, 
hexachlorobenzene, 
and perchloromesole 
(C 4 C1 6 ) 

A monochlorodecane 

A mono- and a di- 
chlorodecane 


Slow reaction in 
diffused light, 
vigorous action 
in sunlight 


Pennsylvania, 
Ohio, and 
Canadian 
petroleums 

Synthetic (elec- 
trolysis of 71 - 
heptoic acid) 
American 
petroleum 
Pennsylvania 
petroleum 
Ohio petroleum 


A mono- and a di- 
chloroundecane 


Viscous substitution 
products 

A monochloride, b.p. 
242-245° 

A monochloride, b.p. 
230-235° 

A mono- and a di- 
chlorododecane 


Only slight sub- 
stituting ac- 
tion observed 


American 

petroleum 

Pennsylvania 

petroleum 


A monochlorotride- Did not react 
cane, b.p. 258-260° 

A monochlorotridecane, 
b.p. 135-140° at 12 
mm. 


American 

petroleum 

Pennsylvania 

petroleum 


A monochlorotetrade- 
cane 

A monochlorote trade- 
cane, b.p. 150-153° at 
20 mm. A dichloro- 
tetradecane, b.p. 175- 
180° at 17 mm. 
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HYDBOCARBON 


Pentadecane 


TABLE 4 — Concluded 

PBODUCT REPORTED PBOM ACTIOS 07 

Chlorine Bromine 


Oil of Kaempferia 
galanga L, and 
also phytol 
American 


A monochloropenta- 



petroleum 

Pennsylvania 

petroleum 

decane 

A dichloropentadecane, 
b.p. 175-180° at 50 

mm 

Hexadecane 

Pennsylvania 

petroleum 

A dichlorohexadecane, 
b.p. 205-210° at 16 
mm. 

Heptadecane 

Pennsylvania 

petroleum 

A monochloroheptade- 
cane, b.p. 175-177° at 
16 mm. 

Octadecane 

Pennsylvania 

petroleum 

A monochlorooctade- 
cane, b.p. 185-190° at 
15 mm. 


No action pro- 
duced 


Vn. SUGGESTED PROBLEMS FOR FURTHER RESEARCH 

As a field for further study, the halogenation of the paraffins 
has great possibilities, and results of great interest and value can 
be predicted with certainty. Work is particularly needed on the 
liquid members of the series, using substances of known purity 
and accurately locating the halogen atoms in the products. 

Fluorination has scarcely been attempted; chlorination has been 
studied considerably but not exhaustively; bromination has been 
investigated only in a most cursory manner; iodination is reported 
in but one case. All the halogens offer opportunities for fruitful 
research. 

The following are some problems which are suggested as being 
worthy of consideration: 

1. Chlorination in the liquid phase at low temperature, in the 
presence of light and with or without catalysts, in an endeavor 
to secure better control of the reaction. 
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2. Chlorination by bubbling the hydrocarbon gas or vapor 
through a chlorine solution or through liquid chlorine. 

3. Extension of the work with chemical chlorinating agents 
such as antimony pentachloride, phosphorus pentachloride, sul- 
furyl chloride, phosgene, phosgene-aluminum chloride complexes, 
etc. 

4. Similar investigation of the action on paraffin hydrocarbons 
of antimony pentabromide, phosphorus pentabromide, sulfuryl 
bromide, and carbonyl bromide. 

5. Determination of the mechanism by which halogens convert 
paraffins, such as hexane, into aromatic compounds. 

6. Separation of hydrocarbons by selective chlorination, pos- 
sibly with the aid of catalysts. 

7. Investigation of the effect of chain branching on chlorination 
or bromination, and determination of the reactivity of primary, 
secondary, and tertiary hydrogens toward halogens. 

8. To determine whether catalysts change the point of attack 
of a halogen. 

9. Measuring the relative rates of reaction of chlorine and 
bromine. 

10. A study with particular thoroughness of the halogenation 
of hydrocarbons easily available — methane, ethane, propane, 
butane, and pentane. 

11. Determination of the extent to which iodine substitution 
products can be obtained by the action of iodine on the par affins 
at elevated temperatures and in the presence of substances de- 
composing hydrogen iodide. 

12. To determine whether, as has been stated, the reactivity 
of paraffin hydrocarbons to bromine decreases on ascending the 
series. 

13. Further work on chlorination with carriers or promoters 
for the purpose, in part, of discovering new aids to reaction. 

14. Further work on the action of active chlorine on paraffin 
hydrocarbons. 

15. Determination of the relative ease of chlorination of indi- 
vidual paraffin hydrocarbons and their lower chlorine derivatives. 


r 
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16. A study of the effect of the chloro derivatives first formed 
on the further course and extent of the halogenation. 

17. Observation of the effect of halogenation in the presence 
of aqua regia and of mixtures of nitric and hydrobromic acids on 
paraffin hydrocarbons. 

18. Determination of the action of bromine vapor on vapors 
of boiling, individual, paraffin hydrocarbons with and without 
solid finely-divided or porous catalytic contact materials. 

19. Halogenation in the presence of silent discharge under low 
temperature conditions. 
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CONTENTS 

Certain aspects of the behavior of denaturable proteins, in particular egg 
albumin and hemoglobin, in respect to crystallization, denaturation and floccula- 
tion, are reviewed, a number of closely related problems necessarily coming under 
consideration at the same time. 

The various topics discussed are grouped under the following heads: 

I. CRYSTALLIZATION 

The possible significance of the electric moment of certain groupings; the work 
of Miss Chick and Martin upon the composition of crystalline egg albumin pre- 
cipitated by ammonium sulfate (prior to the subsequent washing process); the 
results of Sorensen on the composition of the finally purified egg albumin. 

II. DENATURATION 

1. The general features of denaturation by heat and by acid or alkali 

The probable unimolecular character of the process; the lack of precise know- 
ledge regarding the nature of the chemical and physical changes involved; the 
identity in titratability (by acid) of denatured and undenatured egg albumin; the 
reopening of the question of the reversibility of denaturation by the results of 
Anson and Mirsky. 

2. The extent of interaction of undenatured protein with acid and alkali 

The evidence that over a considerable pH range (from the iso-electric point 
outwards) protein salts (e.g., albumin chloride (or sulfate) and sodium albumin- 
ate) are practically completely ionized, but, that beyond certain pH limits appre- 
ciable quantities of unionized salt exist in solution; the chemical union versus 
adsorption problem; the hydrolysis of albumin chloride and sodium albuminate, 
and the average net charge on the protein ions at different pH values. 
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$. Behavior of denatured protein with respect to acid and alkali 

4. The question of the extent of union of undenatured and denatured protein with 

neutral salts 

The wort of Pauli and his collaborators, and of Northrop and Kunitz; the 
conclusion that both ions of an inorganic salt simultaneously combine to a slight 
extent (and reversibly) with protein, but that the ions are combined in general in 
non-equivalent amounts; the difference in behavior of denatured and undenatured 
serum albumin towards silver ion (Pauli and Matula) ; the problem of the positions 
of attachment of inorganic ions with protein. 

5. Alteration in pH as a consequence of union of protein with neutral salt 

A method of determining the difference in extent of the union of inorganic anion 
and cation. 

6. The solvent action of neutral salts and of non-electrolytes upon undenatwred and 

denatured protein 

The work of Hardy and of Mellanby on the globulins; the problem of peptiza- 
tion; the work of Cohn and Miss Prentiss on the solubility of hemoglobin in salt 
solution in terms of the Debye-Hiickel theory of interionic attraction; the effec- 
tive valency of hemoglobin and the globulins; the zwitterion hypothesis of Bjer- 
rum and the interionic attraction theory; the possible importance of the dielectric 
capacity of protein solutions in regard to solubility effects; the Bjerrum-Larsson 
“distribution” equation; the effect of urea upon protein solubility. 

HI. FLOCCULATION 

Observations of Aronstein, of Heynsius, and of Miss Chick and Martin; the 
r61e of neutral salt (in small amount) in flocculation; the polymerization of 
glycine; the possible distinction between true flocculation (i.e., chain formation 
produced by addition of successive protein units) at or near the iso-electric point, 
and the precipitation of protein salt in an amorphous form at a pH removed from 
the iso-electric point; contrast between the precipitating action of an acid upon a 
denatured protein and upon a colloidal metal, respectively. 

The critical increment of flocculation: observations of Miss Chick and Martin; 
influence of temperature on rate of flocculation of protein and of a colloidal metal ; 
the nature of the problem raised by the observations of Miss Chick and Martin 
upon the rapid fall of the critical increment with rise in temperature. 

APPENDIX 

The physicochemical behavior of glycine in solution. 

INTRODUCTION 

In the first place it is necessary to recall the definitions attach- 
ing to the three terms, crystallization, denaturation, and floc- 
culation. 

Crystallization is the precipitation in the solid crystalline form 
of tmdenatured protein. This material is obtained as a rule by 
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salting out with ammonium sulfate of appropriate concentration 
and subsequent washing. According to the careful work of 
Sorensen on egg albumin, referred to later, the crystalline material 
is best obtained not at the iso-electric point (pH = 4.8) but at 
pH — 4.58. It consists therefore of protein sulfate having a 
sulfate content of 0.43 per cent. The crystalline protein (i.e., 
the sulfate) is easily soluble in the pure solvent water. 

Denaturation is a change of a kind not yet understood which 
the fresh (undenatured) protein is capable of undergoing in the 
presence of water. It is frequently brought about by heating the 
protein solution. It may likewise be brought about at ordinary 
temperature by addition of sufficient acid or alkali. The dena- 
turation process is unimolecular in nature so far as the protein 
itself is concerned, and appears to be associated with some 
internal physical or chemical change generally regarded as being 
of an irreversible nature within the structure of each protein 
unit. Denaturation appears to be a definite step in the transition 
of the fresh undenatured (and crystallizable) protein molecules 
to the amorphous state represented by flocculation. 

Flocculation is the precipitation of protein in the neighborhood 
of the iso-electric point in an amorphous form, this form not 
dissolving in the pure solvent (water). Flocculation is possible 
only provided the original protein has suffered the change known 
as denaturation. The two consecutive changes — namely, dena- 
turation plus flocculation — taken together are frequently referred 
to as coagulation. In order that flocculation may occur with 
measurable speed a small amount of an electrolyte (neutral salt) 
must be present even at the iso-electric pH. In the total 
absence of such electrolyte the protein may be denatured but it 
will not flocculate, except on boiling and then only provided the 
pH be adjusted close to the iso-electric point. 

The coagulum, formed as a consequence of flocculation, 
although insoluble in the pure solvent, will dissolve when sufficient 
acid or alkali is added. This, however, does not entail reversal of 
the denaturation step itself. 

So much for the terms crystallization, denaturation and floc- 
culation; we have now to consider in greater detail certain points 
in connection with the phenomena associated with these terms. 
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I. CRYSTALLIZATION 

In the first place, the fact that crystalline undenatured protein 
can be obtained at all, demonstrates that mere proximity of such 
molecules is not in itself sufficient to bring about the coagulation 
change — i.e., denaturation plus flocculation. Since, however, 
crystallization is itself brought about in the presence of (much) 
salt, and since we know that even a small amount of salt is 
sufficient to bring about flocculation of material already denatured, 
it follows that neither close approximation of protein molecules 
nor the presence of much ammonium sulfate at ordinary tem- 
peratures is capable of bringing about denaturation. One con- 
cludes that the undenatured protein molecules are relatively 
inert. They are however, titratable — i.e., the acidic and basic 
portions are capable of interacting with an added acid or alkali 
without undergoing denaturation, as has been shown conclusively 
by Booth (1) in the light of his own data and of the data of P. S. 
Lewis and of Cubin. An excess of such reagent will, however, 
bring about denaturation even at room temperature. 

To return to crystallization. The function of the (concen- 
trated) ammonium sulfate in bringing about crystallization of 
undenatured protein is usually regarded as that of a dehydrating 
agent. The dehydration view implies that there is a greater 
tendency for either ion of the salt to associate itself with a water 
molecule dipole than with the amino or carboxyl dipoles situated 
on the protein molecule. This tendency will be directly propor- 
tional to the electric moment of the dipole of the water molecule 
or of the protein group respectively. Williams (2) has given a 
table for the characteristic moments of certain groups based upon 
the dielectric capacity of solutions (in benzene) of benzene deriva- 
tives of different types. Benzene itself is taken as non-polar. 
It is thus found that the electric moment, n, for the NH* group is 
1.5 X 10 -18 e.s.u. For gaseous alkyl amines it is known that 
n = 1.31 X 10~ 18 . For the carboxyl group n = 0.9 X 10~ 18 . 
On the other hand, for water molecules in the gaseous state 
(monohydrol) the electric moment is distinctly higher, namely, 
1.87 X 10~ 18 . 

So far as these values go they are in agreement with the pre- 
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ferential attraction of the salt for the water molecules. It is 
necessary however to draw attention to the fact that fi for liquid 
(polymerized) water is only 0.5 X 10~ 18 (cf. Fowler (3)). If water 
were entirely composed of stable H 4 0 2 molecules we would 
therefore expect the salt to adhere to the protein in preference to 
the water. It is probably right to infer that in hydration we have 
actually to do mainly with oriented unpolymerized H 2 0 molecules. 

In the foregoing considerations it has been tacitly assumed that 
the amino and carboxyl groups of the protein molecule are in the 
undissociated or unionized form. Certain of these groups, how- 
ever, taken in pairs, are very likely to give rise to the zwitterion 
structure usually represented by + NH 3 -R*COO“. (Actually in 

proteins it is more probable that the zwitterion formation arises 

+ 

from the mutual influence of contiguous branches thus, R-NHg 
and - OOC • R, the positively charged portion corresponding to the 
terminal («) amino group of a diamino unit such as lysine, or the 
analogous group in arginine, or histidine, while the negatively 
charged portion belongs to the terminal carboxyl in a dicarboxylic 
unit such as aspartic or glutaminic acid). Although represented 
in the above manner the positively and negatively charged 
groups do not function as free and independent ions but are so 
placed as to cause a partial mutual saturation or neutralization of 
their electric fields. In fact, if this mutual interference did not 
occur, the zwitterion formation would be scarcely likely to persist, 
union with the H + ion and OH- ion in the solvent transforming 
the zwitterion to the “classical” form. So far as attractive 
forces are concerned, therefore, the type and extent of interaction 
between salt, water, and protein would not be expected to be 
much affected whether we assume an undissociated structure or a 
zwitterion structure. 

In view of the fact that the dipole moments of an amino group, 
a carboxyl group, and a water molecule, although not the same 
in magnitude are at least of the same order of magnitude, it 
would be expected that the ions of a salt such as ammonium salt, 
while exhibiting preferential affinity for the water molecule, 
would also attach themselves to a certain extent to the appro- 
priate groups of the protein. It would be anticipated therefore, 
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that the precipitate obtained by salting out a protein such as egg 
albumin by means of ammo nium sulfate would contain (prior to 
further washing and purification) not only protein but salt and 
water as well. This is shown by the classical work of Chick and 
Martin (4), who determined the composition of the solution in 
equilibrium with the precipitate under various conditions, as 
well as the composition of the precipitate freed as far as possible 
from adhering mother liquor by pressure, the pressure employed 
in this case being 3 tons per square inch. In the table of results 
given by these authors the percentage of protein in the pressed 
precipitate varies from 64 per cent to 73 per cent. At the same 
time the (NH^aSCh varies from 30 per cent to 22 per cent, and 
the water from 8.5 per cent to 6.4 per cent. (These are rounded 
values given simply by way of illustration.) It is evident that 
the amount of water remaining in the pressed precipitate is deter- 
mined by the inorganic salt present therein. This points to the 
water being associated principally with the salt, in agreement 
with the Hofmeister concept of the dehydrating action exerted 
by the salt upon the protein prior to precipitate formation. 

It is of interest to look at the matter briefly from the point of 
view of relative dipole moments. The problem is essentially the 
distribution of the ions of the salt between the water dipoles and 
protein dipoles present simultaneously. The probability of 
attachment between salt ion and water dipole would be expected 
to be given by (1 — where E ia is the energy required to 

break the ion-water union. A similar expression involving E ip 
would be expected for the ion-protein complex. Since the two 
energy terms are of the same order of magnitude we would 
expeet to find appreciable quantities of both ion-water and ion- 
protein complexes in the system, as in fact we do find. It is to be 
observed that the condition contemplated in the salting-out 
process is that in which there is a high concentration of salt, that 
is, the condition is favorable to ‘partial as distinct from complete 
hydration of the salt. The ions of the inorganic salt present 
possess consequently a considerable stray field wherewith to 
compete for further water dipoles and for protein dipoles. On 
increasing the active mass of the water (as by washing), the condi- 
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tion becomes favorable for the preferential union of salt with 
water rather than of salt with protein, so that the protein is 
obtained salt-free. It would be interesting to know what sort of 
effects would be produced by the addition of, say, a non-electro- 
lyte such as sugar which would further compete for the water 
dipoles. 

In the case of flocculation of iso-electric protein on the other 
hand, the electrolyte required is present usually in smfl.ll concen- 
tration. There is abundant water present to saturate the ions of 
the salt, with the result that although the ions function locally to 
favor aggregation of the denatured protein units (compare the 
section on flocculation), the conditions are not favorable for 
permanent chemical union between protein and salt ions. The 
protein aggregates are therefore formed practically free from the 
precipitating salt. If this view be correct it follows that the 
degree of hydration of the ions of the salt plays an important 
part. Thus it is implied that if excess salt be used in connection 
with flocculation, union of salt and protein should now be pos- 
sible, not because there is much salt but because of the partial 
dehydration of the ions. This would conceivably result, not in 
flocculation, but in peptization (compare section on solvent action 
of neutral salts) ; or, alternatively, if flocculation occur, it would be 
expected that the salt should form a definite part of the material 
thrown out of solution. Experimental evidence of this nature 
seems to be lacking. 

To return to crystallization. Since the function of the am- 
monium sulfate is taken to be that of a dehydrating agent, the 
question arises as to whether its place can be taken by another 
salt with strong affinity for water. So far as present experience 
goes (cf. Sorensen (5) and Sorensen and Palitzsch (6)), sulfates 
stand out as by far the best precipitating agents, although their 
place may be taken by phosphate, arsenate, and citrate. These 
authors themselves leave the matter in some doubt. Further 
information is obviously required in this connection. As regards 
alcohol, Preyer (7) uses this in small quantities in his method of 
obtaining crystalline hemoglobin. If this material be in fact 
undenatured crystalline protein it would indicate that ions of 
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salts such as (NH 4 ) s S0«, even in small quantities, do not neces- 
sarily constitute a characteristic feature of the crystalline state. 
It has to be borne in mind, however, that alcohol in appreciable 
amount brings about denaturation of protein. 

The most careful experimental investigation on the production 
of pure protein by crystallization is that of Sorensen ( loc . tit.) on 
crystalline egg albumin, using ammonium sulfate as the precipi- 
tating salt. 

As already mentioned, Sorensen finds that precipitation occurs 
best at pH = 4.58. The crystalline material was washed several 
times with sodium chloride solution until it was impossible to 
detect any sulfate in the filtrate. The material was finally 
treated with water, the greater part of it dissolving and some of it, 
apparently denatured, remaining undissolved. Sorensen remark s 
that “the results of our experiments must be interpreted as 
showing that it is not possible from such washing experiments to 
draw any conclusions as to whether the crystals contain am- 
monium sulfate or not.” In the light of the results obtained by 
Sorensen using his “proportionality method,” it becomes almost 
certain, however, that amm onium sulfate as such is not a neces- 
sary constituent of the crystalline protein material finally ob- 
tained. At the pH employed, however, the crystalline material 
contains the sulfate radical. SQrensen expresses this by saying 
that there is approximately 1 equivalent of sulfuric acid to 125 
equivalents of (total) protein nitrogen. Booth has calculated 
from this, on taking the most recent and apparently most reliable 
value for the molecular weight of (undenatured) egg albumin, 
namely 43,000 (Marrack and Hewitt (8)), and also making use of 
the fact that the mass of nitrogen in egg albumin is 15.51 per cent 
of the total mass (Mathews (9)), that at the pH = 4.58 there are 
four equivalents of sulfate combined with one molecule of 
albumin. Thus the egg albumin sulfate obtained on precipitation 
has the formula, albumin — (SO^a. 1 

1 To attempt to ascribe a stoichiometric formula to a protein salt even in the 
“solid” state is naturally a doubtful procedure in view of the tendency of such 
material to produce micelles (i.e., aggregates of numerous molecules with occluded 
solvent and ions) when dissolved. It may, however, be pointed out that such 



DENATTJRATION OP PROTEINS 


89 


A point arises here. At tlie above pH, when this precipitate is 
dissolved the ionization may be regarded as complete. That is, 
in solution we will have albumin in the form in which its molecule 
carries four positive charges. As we shall see later at a much 
lower pH range the albumin sulfate is far from being completely 
ionized. This suggests that the albumin cation would con- 
ceivably react with the OH - of the solvent to give some “undis- 
sociated” base which would in fact be iso-electric undenatured 
albumin itself. If this occurs it would not be permissible to 
regard the crystalline albumin sulfate of Sorensen as a single 
substance; it should be regarded as a mass of mixed crystals of 
sulfate and iso-electric crystalline alb umin . As will be shown 
later, however, the pH range over which hydrolysis in the above 
sense is appreciable is so minute that even at pH = 4.58 it is 
already virtually absent. On the whole, it is probably safe to 
regard the washed crystalline material obtained at pH = 4.58 as a 
single entity. 


n. DENATTJRATION 

1. General considerations 

The first question which naturally arises here is whether 
denaturation is a general phenomenon in the transition of a 
protein molecule or unit from the fresh natural dissolved state to 
the flocculated state. In this connection it is to be remembered 
that simple denaturation is a process which can be brought about 
with relative ease by heating or at ordinary temperatures, by the 
action of chemical reagents such as acid or alkali in sufficient 
amount, or by alcohol and probably by other organic solvents. 

evidence as exists, e.g., the magnitude of viscosity, suggests that while micelle 
formation is the outstanding feature of certain proteins, notably gelatin, in the 
dissolved state, molecules as such, but in the hydrated form, appear to predomi- 
nate in the case of egg albumin solutions. It is probable that this is true in 
particular for solutions of fresh undenatured egg albumin. After denaturation 
has taken place and the pH adjusted within certain limits, the conditions for 
incipient flocculation thus produced may lead likewise to micelle formation even 
for this protein. 
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Consequently, if the actual preparation or isolation of a given 
protein involves such conditions or reagents the resulting material, 
if it had originally been capable of denaturation, would be likely 
to have become denatured prior to any systematic investigation 
of its physicochemical behavior. In such cases it is impossible to 
say whether the intramolecular change denoted by denaturation 
has occurred at any stage in the history of the protein or whether 
such change is incapable of occurring, i.e., whether the phenom- 
enon of denaturation is non-existent in certain proteins. In 
other words, it is impossible to state with certainty whether 
denaturation is a general feature of protein reactivity or not. 
Among the simple proteins which are “heat coagulable” and 
therefore presumably denaturable by heat are the albumins, 
globulins and possibly glutelin. In the group of conjugated 
proteins hemoglobin stands out as definitely denaturable. It is 
very doubtful, however, whether casein (caseinogen) is denatur- 
able; probably it is not. Incidentally, the change of casein to 
paracasein by means of rennet has been shown by Palmer and 
Richardson (10) to involve marked increase in acid and alkali 
binding capacities on the part of the protein over the entire 
range of pH examined, and we may consequently infer that this 
change is of a much more profound character than would be 
demanded by denaturation alone. Probably no protein has been 
so intensively examined from a physicochemical point of view as 
gelatin. From its mode of preparation, however, which involves 
relatively drastic hydrolytic conditions, it may be concluded with 
certainty that gelatin is already denatured or more exactly, for 
this protein, denaturation may be regarded as having no meaning. 
Further, aqueous “solutions” of gelatin are apparently much more 
complex than are solutions of alb umin . Of the proteins the 
methods of preparation of which do not bring about denaturation, 
crystalline hemoglobin and crystalline egg alb umin are the most 
prominent examples. For this reason, in discussing denatura- 
tion and the properties of solutions of undenatured and denatured 
protein we are forced to confine ourselves very largely to these 
two proteins. 

The unimolecular velocity constants of denaturation in the 
case of these two proteins have been determined by Chick and 
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Martin (11), and later in the writer’s laboratory by P. S. Lewis 
(12), Cubin (13) and Booth (unpublished work) over a wide range 
of pH and at different temperatures. It has been shown for both 
egg albumin and hemoglobin that the velocity of denaturation is a 
minimum not at the iso-electric point of the protein but at the 
neutrality point of water. The iso-electrie point has no special 
significance whatever for the act of heat denaturation. 

The fact that denaturation is a strictly unimolecular process in 
respect to the protein affords prima facie evidence that the process 
is not one of aggregation of protein units. A review of the 
literature on osmotic pressure measurements tends to confirm 
this, although at the present time no systematic work upon 
protein deliberately denatured has been carried out, by either the 
osmometer or centrifuge method. It is evidently desirable that 
such measurements be carried out by someone familiar with 
specialized technique of this kind. 

As already mentioned, the precise nature of the chemical 
change, if any, which occurs in denaturation is quite unknown. 
The fact that the process is catalyzed to approximately the 
same extent by H + ion and OH~ ion, but that at the same time no 
change in the H + ion concentration accompanies it, serves to 
eliminate a number of plausible chemical changes. Thus the 
absence of change in the H + ion concentration and the identity in 
titratability of denatured and undenatured proteins (Bboth (1)) 
rule out the possibility of associating denaturation with hydrolysis 
of a peptide linkage, unless indeed there be a simultaneous and ex- 
actly equivalent change in the opposite sense elsewhere in the mole- 
cule. 1 * Even if hydrolysis of some kind were shown to occur it 
would not in itself be particularly helpful, unless it could be shown 
that this change was accompanied by a change in configuration 
rendering the contiguous amino and carboxyl groups more easily 
available for the subsequent flocculation process, for which dena- 
turation is regarded as a favorable preliminary step. 

It is to be remembered that the observed critical increment or 
energy of activation in denaturation is excessively great — of the 

3,1 That denaturation may involve hydrolysis of a peptide link and simulta- 
neously union of amino and carboxyl elsewhere was suggested to the writer by 
Professor Ramsden. 
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order of 100,000 calories per mole in the neighborhood of the 
neutrality point. An energy term of this magnitude suggests as 
the most significant alteration in the protein unit an actual 
physical distension or opening up of the structure, possibly 
accompanied by the breaking of bridge-like linkages in the 
original undenatured unit. The act of denaturation on the part 
of a single protein molecule requires the presence of an appreci- 
able amount of water. This is shown by the well-known experi- 
ments of Chick and Martin (loc. Git.) in which proteins “freed as 
much as possible from moisture by squeezing in a press between 
filter papers, but still containing 20 per cent of water” could be 
heated in a current of air at 120°C. for five hours without becom- 
ing denatured. Denaturation obviously is not brought about by 
a small amount of water, but appears to require water in bulk or at 
least amounts of water vapor such as are produced from a heated 
water bath (cf. Chick and Martin, loe. cit.). 

The suggestion that denaturation may be accompanied by 
physical distension of the protein molecule in solution is likewise 
in agreement with the increase in viscosity attributed to the 
change (Chick (14)). Further, the fact that denatured protein 
is more easily attacked than is undenatured protein by proteolytic 
enzymes 2 in the act of digestion points to a more penetrable and 
less tightly bound structure. Also the denaturing effect ascribed 
by Chick to lecithin may be associated with this substance’s well 
known peptizing capacity, an effect also likely to open up a 
molecular structure. The fact, however, that globulins are 
brought into solution, i.e., peptized by neutral salts and that 
nevertheless the resulting peptized globulin, e.g. edestin, is 
stated to be denaturable, indicates that denaturation and pepti- 

2 Taiarico (15) has shown this fairly conclusively for the action of trypsin on 
egg albumin. His experiments likewise indicate that when coagulation has been 
carried far by prolonged heating the resulting material, as one would expect, be- 
comes less digestible. Lin, Wu and Chen (16) also find that the denatured 
material is on the whole the more digestible, although protein denatured by 
alcohol is more digestible by trypsin but less digestible by pepsin than is unde- 
natured protein. Linossier (17) finds that egg albumin denatured by heat is less 
digestible by pepsin than is the unheated material. In general apparently no 
great effort has been made to allow for the interfering effect of flocculation. 
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zation per se are not necessarily closely related phenomena. 
This is emphasized by the fact that while iodide ion and sulfo- 
cyanide ion are good peptizing agencies they both markedly 
raise the “temperature of denaturation,” i.e., they inhibit dena- 
turation (Pauli and Handovsky). It does not appear to be quite 
certain, however, how far the effect of these ions is exerted upon 
the denaturation process as distinct from the subsequent floccula- 
tion process. 

The influence of salts upon the rate of denaturation is consider- 
able; the mechanism however remains obscure. LepeschMn (18) 
has investigated the phenomenon fairly extensively. As an 
example of the marked accelerating effect of salts of the “heavy” 
metals, one may cite the behavior of Ba ++ . Using egg albumin 
(Kahlbaum) dialyzed for 6 days, Lepeschkin observed that “in 
presence of 0.1 N KC1 the average time of denaturation was found 
at 75°C. to be 2095 seconds, while in the presence o*f 0.1 N BaCl 2 
denaturation proceeded instantaneously at the same temperature; 
in the presence of 0.003 N BaCl 2 it required 95 seconds, 0.003 N 
MgCl 2 120 seconds, 0.0001 N HC1 52 seconds, while it proceeded 
instantaneously in the presence of 0.003 N HC1.” Lepeschkin 
points out that the effect of salts is so marked as “to make neces- 
sary the suggestion that the salts in question first enter into 
chemical unions with proteins which are soluble in water and 
react with it more easily than the free proteins.” While union is 
highly probable, there is as yet no clear reason why the denatura- 
tion is thereby facilitated. That the influence of salt upon the 
rate of denaturation is of a dual nature is shown by the results of 
P. S. Lewis, who found in certain cases that the velocity passed 
through a maximum with increase in salt content. The same 
dual effect has been observed by Pauli and Handovsky in connec- 
tion with the socalled “temperature of heat denaturation.” a 
mode of examining denaturation which has been superseded by 
the method of velocities and velocity constants. The phenome- 
non of the influence of salts upon denaturation on the whole has 
not been systematically examined with adequate pH control. 
Little can therefore be said about it at the present time. 

Owing to the great variation in the rate of denaturation with 



94 


W. C. M. LEWIS 


hydrogen ion and hydroxyl ion concentration, it is impracticable 
to work over a wide pH range at a single temperature. Measure- 
ments are made at different (suitable) temperatures, and with the 
aid of the critical increments (which are themselves a function of 
pH and become enormously great as we approach neutrality from 
either side) it is possible to calculate at least approximately what 
the velocity constants would be at a given single temperature 
over a wide pH range. In table 1 the temperature chosen is 25° 
and as a comparative measure of the rate of denaturation the 

TABLE 1 

Time required for SO per cent denaturation of proteins at i °C. 


Crystalline egg albumin 


1.02 


12 

6 

1.35 


23 

30 

1.99 

3 

20 

— 

2.55 

9 

3 

— 

3.83 

139 

— 

— 

5.13 to 8.29 

Time varies between 560 and 29600 years 


Crystalline hemoglobin (from ox blood) 


4.08 

— 

— 

6.5 

4.41 

— 

— 

31 

4.77 

— 

3 

46 

5.10 

— 

17 

6 

5.50 

4 

14 

— 

7.0 

291 

— 

— 


times for half denaturation have been computed. These results 
are of practical value as giving some idea of the time that may 
safely be spent in dialyzing etc. without danger of appreciable 
denaturation. It is evident that the rate of denaturation of egg 
albumin at ordinary temperatures is exceedingly slow compared 
with that of hemoglobin. The enormous critical increment of 
denaturation in the pH region in the neighborhood of neutrality 
is the cause of the almost unbelievably slow rate given in table 1. 

As there is apparently some difference of opinion regarding the 
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feature or features which characterize and accompany denatura- 
tion it is necessary to state here the sense in which the term is 
employed by the present writer. It may be put simply thus. A 
protein dissolved in water may be said to be undenatured if no 
flocculation occurs when the pH is adjusted to the iso-electric 
point of the protein and if at the same time a small amount of 
neutral salt be present in the system. Denaturation is most 
conveniently brought about by heating in the presence of water. 
It may also be brought about by addition of sufficient acid or 
alkali, but in such cases it is essential that excess of the reagent be 
avoided in order that no unnecessary chemical changes be brought 
about at the same time. The statement not infrequently made 
that denaturation is accompanied by production of acid, i.e., by 
definite hydrolysis, is undoubtedly true, but such changes are 
unnecessarily violent and are not essential to the denaturation 
process itself. 

As already mentioned denaturation is regarded as irreversible, 
the process going to completion under all ordinary circumstances. 
The whole question of the reversibility of denaturation has 
recently been raised, however, chiefly by the striking results ob- 
tained by Anson and Mirsky (19), who believe that they have 
obtained fairly conclusive evidence that denaturation may be 
reversed in the case of hemoglobin and hence, by inference, for 
other proteins. The method of obtaining soluble undenatured 
hemoglobin from coagulated hemoglobin is as follows. “If an 
acid or alkaline solution of completely coagulated hemoglobin is 
neutralized all the protein is precipitated. If, however, before 
complete neutralization the solution of denatured hemoglobin is 
allowed to stand in slightly alkaline solution under conditions to 
be described, then, on complete neutralization only a part of the 
protein is precipitated. The remaining soluble part is the appar- 
ently reversed hemoglobin. How much of this soluble, appar- 
ently reversed hemoglobin is obtained depends, other factors 
being constant, on the state of the prosthetic group, heme, and 
on the species of the hemoglobin.” 

The features of denaturation and the question of its reversi- 
bility bear some analogy to the hydrolysis of sucrose. Under all 
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ordinary conditions the hydrolysis of sucrose by acid to glucose 
and fructose is complete. There is no reliable evidence of com- 
bination of the resultants, not because of absence of collision, for 
which the conditions are favorable, but because of the fact that 
one of the hexose moieties (the fructose portion) as it exists in the 
intact sucrose molecule is in a five-membered ring form. 3 On hy- 
drolysis this form changes almost entirely to a six-membered ring 
form, and interaction between this and the glucose cannot produce 
sucrose though it might well produce another disaccharide. Of 
course in the case of denaturation the “resultants” are not sepa- 
rated from the parent molecular structure, but, by the setting up 
of a new configuration within the original structure involving 
new spatial arrangements of atomic groups and distribution of 
valency forces, the probability of reproducing all the initial condi- 
tions simultaneously is so small as to be negligible. On this basis, 
for all practical purposes denaturation would be irreversible; it 
does not eliminate the possibility of reversal however. The sur- 
prising thing is that a change in environmental conditions rela- 
tively as minor as that described by Anson and Mirsky should 
have any appreciable influence on reversal at all. The whole 
problem is obviously now under revision and at the present stage 
it would be premature to speculate on the outcome. 4 

2. Behavior of undenatured protein with respect to acid and alkali 

In connection with the mode of union of a strong acid, HC1, with 
egg albumin, reference may be made in the first place to experi- 
ments carried out a long time ago by Bugarsky and Liebermann 
(22). These authors do not state definitely whether the albumin 
was denatured or not, but it may be inferred from their paper that 
it was almost certainly undenatured to begin with, although pro- 
longed contact with the most concentrated acid solution employed 

3 For an examination of the significance of this structure in relation to the 
critical increment of hydrolysis of sucrose and other glucosides, cf. Moelwyn- 
Hughes (20). 

4 In connection with the solvent action of certain salts (e.g., sulfocyanides and 
salicylates) upon coagulated albumin (cf. Willheim (21)) it is not clear whether 
denaturation is here reversed or simply prevented. 
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would probably bring about denaturation. Measurements with 
hydrogen ion concentration cells and chloride ion concentration 
cells were carried out, and their results show definitely that in 
the presence of HC1 both H + and Cl" combine with the protein. 
The initial concentration of HC1, to which various amounts of 
albumin are added, was 0.05 N. With 6.4 grams albumin in 100 
cc., 96.56 per cent of the original H + is combined, while 76 per cent 
of the Cl - is combined. In view of the general reactivity of H + 
(and OH") it is not surprising that the union of H+ with the 
protein should be as extensive as these data show. It is somewhat 
surprising, however, to find evidence of marked union of Cl" to 
form unionized protein chloride. With the concentrations in- 
volved one would have expected the protein chloride to be very 
largely ionized. The protein salt, in fact, appears to be much 
more sensitive (in respect to ionization) to the presence of a 
strong electrolyte with a common ion than would be the case with 
sodium chloride, for example. Although the general behavior of 
egg albumin with respect to acid is illustrated qualitatively by the 
results of Bugarsky and Liebermann, the extent of union with the 
chloride ion thus indicated is somewhat misleading. Manabe 
and Matula (23) were the first to show definitely that Cl" is in 
general less combined with the protein than is H + , for HC1 
concentrations not exceeding 0.05 N. With very dilute HC1 the 
protein salt is practically completely ionized. Actually Manabe 
and Matula examined serum albumin, but there is no reason to 
doubt that their conclusion is applicable in principle to egg 
albumin as well. Using a 1 per cent solution of serum albumin in 
the presence of HC1 originally 0.02 N, the H + bound is 0.014 
while the Cl" bound is 0.005. The latter figure corresponds to the 
concentration of unionized salt, whence it may be concluded that 
the degree of ionization under these conditions is of the order 
64 per cent. In the presence of HC1 originally 0.04 N, the degree 
of ionization is only of the order 25 per cent. 

Reference may likewise be made to electrometric measurements 
by Rohonyi (24), who employed Merck’s presumably undena- 
tured crystallized egg albumin, as well as other material. With a 
1.9 per cent egg albumin solution in HC1, initially 0.05 N, 
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Rohonyi finds that the concentration of bound H+ ions in equiva- 
lents per liter is 0.0183, the concentration of bound Cl" ions being 
almost the same, viz. 0.0170. It follows that the concentration of 
free H + ions in equilibrium with this amount of albumin is 0.0317 
N (pH = 1.5), and the apparent equivalent of albumin at this 
pH is 1040. The £ 'effective’ ’ concentration of the protein as salt is 
0.0183 N, and from the figures given the degree of ionization in 
respect to Cl is only about 7 per cent. Incidentally aibumose 
(Witte peptone) behaves very similarly to the egg albumin, 
while al anine under similar conditions is ionized considerably 
more (43 per cent), but by no means completely. Attention may 
also be drawn to the results obtained by Chick and Martin (25) 
upon the union of undenatured crystalline egg albumin (in 0.95 — 
2.0 per cent solutions) with sulfuric acid. The hydrogen electrode 
was employed, thus giving information regarding the union of 
hydrogen ion with the protein. Similar electrode measurements 
with the S07 - or HS07 ion are of course impossible, 6 so that no 
information is available as regards the degree of ionization of the 
sulfate. These authors find a general resemblance between their 
results and those of Bugarsky and Leibermann, although appar- 
ently considerably greater union occurred in the case of sulfuric 
than in the case of hydrochloric acid. On the other hand Loeb 
(Proteins and the Theory of Colloidal Behavior, p. 49 (1922)) 
finds that over the pH range 4.2 — 2.4 (the entire range quoted in 
Loeb’s table), the union of 0.1 N sulfuric and 0.1 N hydrochloric 
acids with 1 per cent crystalline egg albumin is the same, as one 
would expect on simple stoichiometric grounds. In Loeb’s 
table just referred to, the largest amount of sulfuric acid recorded 
as combined with one gram of albumin happens to be 7.0 X 10“ 4 
equivalents. (Due allowance has been made in the titration 
experiments for the titration capacity of the solvent in arriving at 
this figure.) The pH corresponding to this degree of combination 
is 2.4. If this were the limiting value the apparent equivalent 
weight would be 1430. In Chick and Martin’s experiments the 
recorded number of equivalents of sulfuric acid combined is 
1.79 X 10~ 3 , this occurring at a pH = 1.65. 

8 Northrop and Kunitz (26) have suggested and employed a method for such 
cases as this based upon Donnan’s Membrane Theory. 
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On this basis the apparent equivalent weight of albumin is as 
low as 560. The number of titratable amino groups per gram of 
egg albumin is 64.9 X 10 _s . On this basis the effective equiva- 
lent weight of albumin is 1540. This corresponds on the basis of 
Loeb’s data to the titratability of egg albumin at a pH = 2.6. 
It was suggested long ago by Brailsford Robertson that the 
titratability of a protein was greater, in general considerably 
greater, than would be expected from the free amino groups, and 
for this reason he proposed his well-known concept of the titrat- 
ability of the — CONH — grouping® in addition to that of the free 
amino groups themselves. Whether the actual “additional” 
titration is to be ascribed to the — CONH — grouping or not, it 
would appear very probable that groupings of some kind would be 
involved in a stoichiometric sense. It would probably lead to 
clearness if it were generally agreed to regard the equivalent 
weight arbitrarily as that which corresponds to the number of free 
amino groups, i.e., the value would be about 1540 in the case of 
albumin. 

As a matter of fact, the above stoichiometric view of the 
“additional” titratability (assuming this to be real) have been 
subjected to considerable criticism, particularly by those who 
draw a sharp distinction between mass action combination and 
adsorption. The distinction is supposed to be emphasized by 
ascribing mass action binding to primary valency, adsorption to 
secondary valency. Thus Gortner (cf. Hoffman and Gortner, 
(27)), who has investigated a considerable number of vegetable 
proteins as well as casein, concludes that “the amount of acid 
bound at acidities lying between the iso-electric point of the 
protein and pH 2.5 was definitely correlated with the free amino 
nitrogen of the protein. . . . Accordingly, in this region the 
acid binding was different for the various proteins and was 
dependent upon the chemical composition of the proteins. At 
greater acidities the further acid binding was independent of the 

* The “titratability” of the peptide grouping is here attributed to addition of 
acid to the intact grouping. There is no evidence for Robertson’s idea of fission of 
this linkage merely by the act of titration, much more drastic conditions being 
required for this purpose. Cf. Escolme and Lewis (28). 



100 


W. C. M. LEWIS 


chemical composition of the proteins and was related only to 
protein concentration. At acidities greater than pH = 2.5 all 
proteins bound gram for gram the same amount of acid.” Pre- 
sumably “all” is not to be taken quite literally. It may be 
pointed out, however, that even on an adsorption basis the same 
amount of binding need not necessarily occur. 

As Hitchcock has pointed out, it is impossible to distinguish 
between a true mass action combination and adsorption which 
obeys Langmuir’s equation, that is, adsorption at a certain frac- 
tion of a finite number of “places” on a surface. 7 Incidentally, 
some of the criticism levelled against Loeb’s conclusions is for this 
reason pointless. Considering in the first place the reactivity of 
the protein from the iso-electric point out to a pH = 2.6, we 
undoubtedly have a finite number of groups situated on any single 
protein molecule, these groups being titratable by the appropriate 
reagent. To regard such interaction as a chemical process, as 
does Loeb for example (and over this pH range Gortner is in 
agreement with Loeb), would seem to be a not unreasonable way 
of looking at the matter. If we prefer to call such interaction 
adsorption, we imply adsorption in the Langmuir sense. Appar- 
ently those who emphasize the view of adsorption as sharply 
distinguished from mass action have in mind an effect, which they 
ascribe to secondary valency as distinct from primary valency, 
in which the adsorbed molecules or ions are not located at definite 
positions in or on the protein molecule structure, but are dis- 
tributed statistically over the “surface” of the molecule. Such an 
effect, if it occurs, would be likely to be minor compared with the 
localized and specific adsorption at definite groups; nor is such a 
view essential to the production of the electrokinetic p.d. (poten- 
tial difference). At the present time it is probably unnecessary 
to appeal to such a general type of adsorption in the case of a 

7 In connection with the union of Cl" ion with dissolved glycine (aminoacetic 
acid) examined by Oryng and Pauli (29), these authors point out that the curve 
obtained by plotting extent of combination against the free chloride ion content of 
the system gives rise to a curve which “has the typical form for an adsorption 
process.” As Oryng and Pauli themselves point out, the term adsorption in this 
connection has no physical meaning. The general shape of the curve cannot 
therefore be taken as a criterion. 
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complex molecule such as that of a protein wherein there are 
numerous groupings having marked specific reactivity. 

Returning to the work already considered upon the union of 
acid with dissolved undenatured albumin to produce, in solution, 
protein salt of variable composition — the composition being a 
function of the pH — it may be pointed out that when such salt is 
obtained in the solid form it is probably crystalline. We have in 
mind a degree of acidity not sufficient of itself to bring about 
denaturation even at ordinary temperatures (25°C.). If, how- 
ever, the concentration of acid is greater than this* i.e., greater 
than 0.1 N 'in the case of egg albumin and greater than 10 -4 N 
in the case of hemoglobin, denaturation could occur. In such a 
case it does not seem to be known with certainty whether the salt 
precipitated would be crystalline or amorphous. Presumably an 
appeal would have to be made to the x-ray method of inves- 
tigation. 

Returning to the question of the degree of ionization of protein 
chloride in solution, reference may be made to two investigations 
of relatively recent date — namely, that of Hitchcock and that of 
Frisch, Pauli and Valko. Measurements on the interaction of 
hydrochloric acid (up to 0.1 M) with the proteins, gelatin, egg 
albumin, casein, edestin and serum globulin (in solutions contain- 
ing one gram of protein in 100 cc.) have been carried out by 
Hitchcock (30) using the electromotive force method. The 
electrodes are the hydrogen and silver-silver chloride electrodes, 
respectively. The data cover a considerable range and are 
apparently of a high degree of accuracy. The results have been 
calculated simply on a concentration basis, not on an activity 
basis, and consequently would require recalculation to estimate 
with precision the degree of ionization at different pH values. 
The conclusion reached by Hitchcock is that the protein chlorides 
are highly ionized except in the most acid regions studied. 

Electrometric determinations of the behavior of egg albumin 
and other proteins towards strong acid — employing the hydrogen 
and calomel electrodes respectively — have been carried out by 
Frisch, Pauli and Valko (31). The range of acid employed is 
approximately that covered by Bugarsky and Liebermann, 
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but the data are more numerous and presumably very much more 
accurate. The theoretical treatment involves activity con- 
siderations instead of the earlier concentration relations. The 
method of calculation is not particularly clear and the writer is 
unable to follow certain of the steps. It is possible, however, to 
make a partial use of the data presented in order to checkthe con- 
clusions already drawn as regards the degree of ionization of the 
albumin chloride. Thus using 1 per cent albumin solution dis- 
solved in HC1 initially approximately 0.05 N (accurately 0.0492 
N), the activity of the uncombined Cl~ expressed as a “corrected 
concentration” is found to be 0.0353 N. Employing the activity 
coefficient obtained by Pauli and Wit (32) for Cl - ion in a 0.05 N 
HC1 solution, namely a = 0.831, it follows that the concentration 
of free Cl~ ion is 0.0353/0.831 = 0.0425 N. Consequently the 
quantity of Cl - bound to the protein in the form of unionized 
albumin chloride is (0.0492 — 0.0425) or .0067 equivalents per 
liter. The authors give 0.0103 expressed in equivalents per liter 
as the quantity of H + ion bound by protein. If the protein 
chloride at the pH in question (namely, Ml corresponding 
to the equilibrium (free) H + ion 0.0389 N ) were completely 
unionized, the concentration of bound Cl~ would likewise be 
0.0103. It follows that the fraction of albumin chloride ionized 
. 0.0103 - 0.0067 oe 
is 00103 '» or P er cent - 


Again, with 1 per cent albumin in the presence of HC1 of 
initial concentration 0.03 N (accurately 0.0295 N) the activity 
of the free Cl - is found to be 0.0220. Taking the Pauli- Wit a 
value 0.850 for Cl~ in HC1 of this concentration, it follows that 
the concentration of free Cl" ion is 0.0259 N, whence the concen- 
tration of bound Cl" is 0.0036. Since the concentration of 
bound H + is 0.010, it follows that the degree of ionization with 


respect to Cl~ ion is 


0.10 - 0.0036 

q-qJq , or 64 per cent, 


A similar 


calculation for 1 per cent albumin in 0.0197 N HC1 gives a disso- 
ciation of 75 per cent, while in 0.00984 N HC1 the dissociation is 
practically complete. That is to say, between pH = 2 and the 
iso-electric point, pH = 4.8, the albumin chloride (containing 
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1 gram protein in 100 cc.) may be regarded as completely 
ionized. 8 

As regards union of undenatured albumin with, alkali, the usual 
titration experiments indicate the capacity of the protein to 
combine with hydroxyl ion. This is borne out also by the e.m.f. 

8 It might, of course, be argued in general that as albumin chloride is a salt — 
its composition being a function of pH — it will act as a strong electrolyte and be 
completely ionized at least over the entire range of concentration contemplated 
in the measurements of Pauli and his collaborators. As regards the likelihood of 
attachment of Cl" ion, i.e., the existence of undissociated salt molecules, it would 
seem that localized adsorption in the Langmuir sense upon certain fixed charged 
places situated on a solid surface would be more clearly analogous to the condi- 
tions obtaining here than is the case of attachment of Na + to Cl”, for example, to 
produce an isolated molecule of NaCl. If the albumin were present as a porous 
solid carrying local positive charges, the possibility of attachment of the Cl” ions 
would scarcely be denied. There does not appear to be any essential difference 
between the opportunity afforded for attachment in this condition and that 
represented by dissolved protein units. The question has to remain open as the 
experimental tests which suggest themselves may be equally well accounted for, 
either by combination, or by alteration (decrease) in the activity of the Cl” ion 
treated as otherwise uncombined. Pauli, Frisch and Valko assume complete 
ionization of the albumin chloride over the entire range of concentration of HC1 
(0 — 0.05 N) examined. On this basis they calculate the activity coefficient of 
the Cl” ion which apparently falls very rapidly with increase in concentration. 
This they ascribe to a marked depressing effect exerted upon the activity of the 
Cl” ion by the presence of the albumin as cation: they assume that the activity of 
the H + ion is not affected by the albumin cation. In the account given above I 
have preferred to regard the albumin ion as not exercising any special influence 
upon the activity of the chloride ion. Instead it has been assumed that actual 
combination and consequently removal of a certain fraction of the Cl” ions takes 
place. The activity of the free Cl” ions is taken to be approximately the same as 
would obtain in a hydrochloric acid solution of similar concentration. The argu- 
ment that the albumin ion by virtue of its very high valency would exert a depres- 
sing effect on the Cl” ion activity may not be valid, owing to the circumstance that 
the protein ion is extremely large and the localized electrical effects may not 
exceed those exerted by a univalent ion. The view that the effective valency, so 
far as influence upon the activity of other ions is concerned, lies between one and 
two has been put forward by Simms (33) for the case of gelatin. Similarly Cohn 
and Prentiss (34) have concluded that crystalline hemoglobin acts as though it 
were divalent. 

In the long run there may not be a very fundamental physical difference be- 
tween the two views referred to since a marked decrease in activity is due to the 
operation of large interionic forces of attraction. When these are large enough 
one would speak of chemical combination in the ordinary sense. Some advantage, 
however, is probably gained by maintaining the distinction. 
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measurements of Bugarsky and Liebermann using hydrogen 
electrodes. No one, so far as the writer is aware, has as yet 
employed the sodium amalgam electrode to determine to what 
extent the sodium ion is combined at the same time. In the 
absence of such data one is forced to a consideration of the cryo- 
scopic measurements of the above investigators, although it is 
recognized that in such a case as that considered the method is 
somewhat insensitive. Employing the data of Bugarsky and 
Liebermann we may proceed to make the following rough calcula- 
tion. When 6.4 grams of albumin are dissolved in 100 cc. of 
NaOEt which was originally 0.05 N the observed depression of 
freezing point, S, is 0.097°. The albumin itself accounts for a 
depression (due almost certainly to electrolytic impurities) of 
0.022°. Hence 5 00 „ = 0.075°. This is due to the free Na + and 
OH - remaining in the solution. From the e.m.f. measurements 
with the hydrogen electrode, Bugarsky and Liebermann calculate 
that with this quantity of albumin in alkali originally 0.05 N the 
hydroxyl ion is bound to the extent of 97 per cent of its original 
concentration. That is, the concentration of free OH" ion is 
0.03 X 5 X 10~ 2 equivalents per liter. Denoting the concentra- 
tion of free Na + ion by x it follows that 

Sc o«. - 0.075° « k X 0.03 X 5 X 10" ! + kx 

The factor k is obtained from the observation of Bugarsky and 
liebermann that the 0.05 N NaOH alone gives a depression of 
0.181°. Hence 


and 


k = 0.091/ 5 X 10"* 


x = 3.95 X 10~ 2 equivalents of Na + ion per liter. 

Hence 21 per cent of the original Na + is combined with the pro- 
tein. The same result is obtained for the case in which 12.8 
grams of albumin were dissolved in 100 cc. of alkali. Although no 
stress can be laid upon the actual numerical value obtained 
which (in view of the fact that the depressions observed are 
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somewhat larger than would have been anticipated) may well be a 
minimal value, we are justified in concluding that an appreciable 
quantity of sodium ion is combined in the form of unionized 
protein salt at an OH - ion concentration of 1.5 X 10"* N (i.e., 
pH - 11.2). 

Hydrolysis of albumin chloride and sodium albuminate prepared 
from crystalline egg albumin, and the net average charge on the 
protein units at dif event pH values 

The simplest type of hydrolysis of, say, albumin chloride, can 
be represented thus: 

AIb + *=* Alb + H + 

where Alb + denotes the cation form of albumin carrying the least 
possible charge, namely one; the symbol Alb denotes the iso- 
electric form of albumin. We are concerned with conditions not 
far removed from the iso-electric point. The existence of 
hydrolysis would thus be demonstrated by a calculation of the 
net charge on the albumin units at a given pH, a net value of less 
than unity denoting the existence of a certain number of un- 
charged (i.e., iso-electric) individuals present. If the net charge 
comes out greater than unity, the hydrolysis may be regarded as 
inappreciable. 

From the titration data given by Loeb (35), one may calculate 
the equivalents of strong acid, i.e., of H+ ion, combined with one 
gram of albumin in a 1 per cent solution of the latter existing 
initially at the iso-electric pH. Taking the molecular weight of 
albumin as 43,000, it follows that a 1 per cent solution is 1/4300 
or 2.3 X 10" 4 M. Taking a particular case, Loeb finds that 
1.15 cc. of 0.1 N HC1 are required to bring the albumin from the 
iso-electric point (pH = 4.8) to pH = 4.2. This means that 
1.15 X 10" 4 equivalents of H + ion are bound. In other words, 
1000 cc. of the albumin solution would bind 1.15 X 10"® equiva- 
lents of H + ion. The ratio of equivalents of H + ion bound to the 

1 15 X 10~ 3 

gram-molecules of albumin present is 

there are on the average 5 single positive charges upon each 
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albumin unit. Hence even at pH = 4.2. the hydrolysis to the 
iso-electric form is probably negligible. Similarly it may be 
shown that at pH = 4.4, the average charge is 3.3. Even at this 
pH, therefore, the quantity of iso-electric albumin is negligible. 
An analogous result is obtained from the titration data with 
alkali. Thus from Loeb’s curve (loc. dt., p. 60) at pH = 6, the 
net (negative) charge per molecule of albumin is 2.2. 

It seems legitimate to conclude therefore that the concentra- 
tion of iso-electric albumin is quite negligible compared with the 
ionic form over any pH range except in the immediate neighbor- 
hood of the iso-electric point, a range so small — namely of the 
order pH = 0.02 — that for most purposes it could be regarded as 
sensibly identical with the iso-electric point itself. 

It is of some interest to collect in tabular form the pH values, 
on either side of the iso-electric point, at which the electrical 
charges on egg albumin — in one case positive, in the other nega- 
tive — are the same. See table 2. 

It may be mentioned that the variation in the electric charge 
with pH given in table 2 is similar to the variation in the rate of 
electrophoresis exhibited by egg albumin according to the 
measurements (by the ultra-violet absorption method) of Sved- 
berg and Tiselius (36), as would be expected if the magnitude of 
the net or “free” charge is the main factor influencing the rate of 
motion of the particles in the field. 

S. Behavior of denatured protein with respect to add and alkali 

In the first place, it has been shown by Booth for egg albumin 
that the act of denaturation is not necessarily accompanied by 
any change in the number of titratable acidic and basic groups in 
the protein molecule. The essential matter in such titration 
experiments is to be certain that during the time taken for titra- 
tion to the different pH values, the protein shall remain undena- 
tured. This is possible by making use of the data of Cubin upon 
the rate of denaturation at various temperatures and at various 
pH values. The point is considered at length in the paper by 
Booth referred to above. The conclusion regarding the behavior 
of egg albumin is almost certainly true also for hemoglobin. 
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In the absence of neutral salt, the denatured proteins referred to 
remain in solution even in the neighborhood of the iso-electric 
point. When the solution is made distinctly acid or alkaline the 
denatured protein exists in solution in the form of protein salt. 
Probably the same relations hold for the ionization of this salt — 
the composition of which is a function of pH — as hold for the 
corresponding salt of undenatured protein. The experiment has 
not actually been carried out. 

As will be pointed out later we have reason to believe that 
gelatin and caseinogen — in view of their method of preparation — 
more closely resemble a denatured than an undenatured protein. 
In view of this, it is pertinent to recall the behavior of caseinogen 
in the pE[ region 6-7, that is, on the alkaline side of its iso- 
electric point, where it exists in the form of caseinogenate anion. 


TABLE 2 

Positions of equal net charge (+ or — ) for egg albumin 


pH (positively charged 
units) 

pH (negatively charged 
units) 

MAGNITUDE op mean net 
CHARGE 

4.8 

4.8 

0 

4.2 

5.4 

5 

3.8 

6.3 

10 

3.65 

7.0 

12 

3.4 

8.0 

15 

3.1 

9.2 

20 

2.8 

9.9 

25 


Actually in the experiment about to be referred to, the protein 
system was examined in the presence of NaCl and CaCl 8 , respec- 
tively. We are not here concerned with the question of union of 
both ions of the inorganic salt with the caseinogen individual, 9 
but with the degree of ionization of sodium caseinogenate and 
calcium caseinogenate respectively. 

The investigation referred to is that of Wright (37), who investi- 
gated the Donnan distribution equilibrium (across a cellophane 
membrane permeable to simple ions but impermeable to caseino- 

9 The effect of neutral salts upon proteins is considered in the next section. 
The experimental conditions referred to here were not adapted (nor were they so 
intended) to determine the union of chloride ion with caseinogenate ion, which 
at best is not an effect of large magnitude. 
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gen and caseinogenate anion) for the systems sodium caseino- 
genate-sodium chloride, and calcium caseinogenate-calcium 
chloride. The pH of the solutions remained between 6 and 7. 
The concentration of caseinogen was 0.5 per cent, this being dis- 
solved in 0.025 N NaOH. On the other ride of the membrane the 
initial concentration of NaCl was varied from 0.0125 N to 0.1 N. 
In the experiments with calcium ion, the concentration of casein- 
ogen was varied from 2 per cent to 7 per cent in the presence of 
Ca(OH) 2 , which in turn was varied from 0.025 N to 0.125 N, the 
CaCl 2 on the other side of the membrane being varied initially 
from 0.0125 N to 0.025 N. Wright concludes that, in order to 
make the Donnan theory apply quantitatively as it should do in a 
case like this, it is necessary to assume that the sodium caseino- 
genate is ionized incompletely, namely to the extent of about 68 
per cent, while calcium caseinogenate is ionized only to about 30 
per cent. The results recall those of Bugarsky and Liebermann 
for undenatured protein in alkali. Wright’s calculations are 
based on “concentration” considerations. How far these figures 
would be affected by substituting activities for concentrations 
(as should theoretically be done) it is difficult to say. 

4. On the question of the extent of union of undenatured and 
denatured protein with neutral salts 

We are considering in the first place the behavior of solutions of 
egg albumin believed to be undenatured. Again reference 
may be made to the work of Bugarsky and Liebermann ( loc . cit.). 
Sodium chloride was added to dialyzed albumin solution so as to 
make the sodium chloride 0.05 N. The quantity of albumin was 
varied from 0.4 to 6.4 grams per 100 cc. No change either in the 
freezing point, or in the e.m.f. of a chloride ion concentration cell 
was produced by addition of the protein. It is to be concluded, 
therefore, that under the above conditions no detectable union of 
Cl" or Na+ with albumin takes place. (Again, the cryoscopic 
measurements are to be regarded as less accurate than the e.m.f. 
measurements.) Unfortunately the pH was not actually deter- 
mined, but we may probably assume it to be in the neighborhood 
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of 6 — the value for distilled water as ordinarily prepared. 10 
Since these authors do not refer to any coagulation of the albumin 
occurring under these conditions of pH and neutral salt content, 
we may infer with some degree of certainty that the protein was in 
fact undenatured. 

The results obtained by Bugarsky and Liebermann for egg 
albumin are contradicted by those of Oryng and Pauli (29), who, 
working with evidently greater care, conclude that there is union 
of Cl - ion with serum albumin. The precipitate obtained by the 
use of saturated ammonium sulfate was pressed, redissolved and 
dialyzed against distilled water for eleven weeks; no mention 
is made of bacterial decomposition. As the temperature was 
that of the laboratory, we may infer with some confidence that the 
material was undenatured, although the actual rate of denatura- 
tion of serum albumin at different pH values has not yet been 
effected. To detect the union of Cl - with albumin, Oryng and 
Pauli employ the e.m.f. method, using calomel electrodes to detect 
the free Cl - ion concentration. Readings are taken with and 
without the addition of serum albumin to a calomel-KCl solution — 
as in fact was done by Bugarsky and Liebermann with egg 
albumin. Oryng and Pauli find — as is to be expected if the pH of 
the solution is slightly on the alkaline side of the iso-electric 
point — that a fraction of the mercuro ions unites with the pro- 
tein thereby releasing Cl~ ions, which introduces a correction 
term (treated as a constant but actually a variable, being a func- 
tion of the Cl - ion content) into the final estimates of the chloride 
ion bound by the protein. Inspection of the data shows that the 
ejn.f. differences produced by addition of albumin amount to 
1-2 millivolts, which is not much to go on particularly in the very 
complicated system employed. Nevertheless the e.m.f. readings 
with albumin present are consistently higher than those obtained 
in its absence. The KC1 content is varied over the range 0.01 N 
to 0.05 N. The corresponding quantities of Cl - ion bound by 
1 per cent albumin are 4 X 10 -5 to 2.7 X 10~* equivalents of Cl - 

10 Kendall (38) found for distilled water which had been allowed to come into 
equilibrium with the COa of the air, that at 18° the pH = 5.67, and at 25°, the 
pH = 5.69. 
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per gram of albumin. It is evident that the upper value recorded 
does not necessarily represent the maximum combination possible 
for Cl - ion. No attempt is made to determine the amount of 
alkali metal bound, if any. Unfortunately no pH determinations 
are recorded. The prolonged dialysis of the protein against 
distilled water possibly brought this material to pH = 6 approxi- 
mately, but it is uncertain whether this remains unchanged in the 
final system containing protein, calomel and potassium chloride. 
If the pH is on the alkaline side of the iso-electric point, as it 
certainly appears to be, union of an anion is a fact of profound 
importance. On making the solution definitely acid, it is found 
that the Cl~ ion bound is increased. This is to be expected, how- 
ever, in view of the positively charged protein units thereby 
brought into existence. It is of interest to remark here that 
Oiyng and Pauli find that glycine combines with Cl - ion while 
urea does not. The limiting combination for glycine is in round 
numbers 5 X 10 ~ 8 equivalents of Cl~ per mole of glycine at the 
pH of the solution — presumably about the iso-electric point (pH 
= 6.08) of this amino acid. It is known that glycine under these 
circumstances is very largely in the zwitterion form, which thus 
evidently possesses combining capacity presumably for both 
anions and cations. 

Limiting our consideration to the simple salts of the alkali 
metals, the conclusion which appears to be justified is that while 
undenatured albumin in the form of cation, i.e. at a pH definitely 
on the acid side of the iso-electric point, is capable of uniting with, 
say, chloride ion to an extent which varies with the pH and the 
same is true for albumin as anion in respect to, say, sodium ion, 
union of sodium ion and/or chloride ion with dissolved unde- 
natured albumin, when the latter is in the near neighborhood of 
the iso-electric point, is less certain, though it probably occurs 
to a slight extent. 

A question which suggests itself at this point is whether 
undenatured iso-electric albumin has a greater or less tendency to 
unite with the ions of neutral salts 11 than has denatured alb umin . 

11 In general the union here contemplated would not necessarily mean the 
binding of salt anion and cation in equivalent amounts. 
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No data bearing upon this appear to be available so far as the 
alkali salts are concerned. Fortunately, however, Pauli and 
Matula (39) have examined the behavior of both undenatured 
and denatured serum albumin towards silver ion. The cell 
employed is: 


Ag 

AgCl, AgN0 3 0.1 N 

kno 3 

AgNO s 

AgCl Ag 


(constant 

concentration) 

saturated 

1 

+ protein 



It is not clear why the simple silver-silver nitrate electrode was not 
employed. The silver nitrate of variable concentration to which 
the protein could be added covered the range 0.0025 N to 0.05 N. 
The (undenatured) albumin concentration was 0.7 per cent. The 
differences in e.m.f. readings produced by the presence of the 
protein are larger than those obtained in the KC1 experiments of 
Oryng and Pauli. The solutions remained clear until a concen- 
tration of 0.04 N AgNOi was attained. With 0.07 N AgNOs the 
precipitation of the albumin was complete, “a heavy white pre- 
cipitate” being obtained. Presumably this is silver albuminate; 
it does not appear to have been analyzed, nor is it stated whether 
it was crystalline or not. 

As regards union of silver ion with the dissolved protein, Pauli 
and Matula point out that the same limiting degree of combina- 
tion — amounting to 5 X 10" 4 gram equivalents (? 6 X 10 -4 ) in 
round numbers per gram of albumin — is attained both by the 
undenatured and denatured, but still dissolved, protein. Never- 
theless, there is marked difference in behavior between the two, 
for it is found that the denatured material reacts much more 
readily than the undenatured, the denatured protein approximating 
towards the limiting degree of combination at a much lower concern 
tration of silver nitrate than is the case with the undenatured protein. 
This is in agreement with the view that at the pH obtaining in the 
experiments — once more its precise value is uncertain, but it is 
evidently on the alkaline side of the iso-electric point as indicated 
by cataphoresis experiments referred to below — the undenatured 
molecular units present a certain degree of obstruction to the 
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salt ions not exhibited by the denatured units. The obstruction 
slows down the rate of interaction without influencing its ultimate 
extent. It almost looks as though the undenatured molecule had 
a number of closed rings forming part of its structure, which are 
absent in the denatured form. The behavior of serum albumin 
appears to find a parallel in the behavior of gelatin and casein, two 
proteins which are not denaturable but which probably exhibit 
certain resemblances to a denatured protein. In these cases 
heating has absolutely no effect upon the extent of combination 
with silver, which, judging from the curves given in the paper of 
Pauli and Matula approximates to the maximum value for the 
individual protein at a lower concentration of silver nitrate than is 
the ease with undenatured serum albumin. 

Pauli and Matula point out that the limiting extent of combina- 
tion with silver ion in equivalents is the same as that found by 
Oryng and Pauli for chloride ion in the experiments with KC1 in 
the presence of calomel. 12 Evidently it is assumed that the pH is 
the same approximately in the two cases. That it lies on the 
alkaline side of the iso-electric point is shown by cataphoresis 
experiments, which indicate a negative charge on the “pure 
proteins” (gelatin and serum albumin) as well as on the silver 
compounds. 

Measurements with undenatured egg albumin and ZnCl s (Pauli 
and Schon (40)) showed similar behavior to the silver nitrate case. 
The pH which was determined in this case indicates a H + ion con- 
centration of the order 10~ 6 , corresponding to the alkaline side of 
the iso-electric point. Cataphoresis experiments showed the 
protein material to be negatively charged. The Cl~ ion, which 
is the important one in view of the pH value, is shown to be 
bound and evidently to a greater extent than in the case of KC1. 
We must conclude, I think, that Pauli has justified his contention 
regarding the capacity of a salt anion to combine with negatively 
charged protein. This being the case, the claim that no union 
occurs at the iso-electric point falls to the ground. Evidently 

“ This statement appears to be fairly exact for gelatin; the evidence is less 
certain for serum albumin. On the whole the 01” ion bound seems to be little less 
than the Ag + ion bound. 
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some union is possible for both ions at the iso-electric point and in 
the neighborhood on both sides thereof. Further confirmation 
along the lines suggested by Northrop and Kunitz (41) and 
carried out by them for gelatin would however be desirable for 
denaturable protein. Incidentally, the work of Pfeiffer (42) 
upon the isolation of compounds in the solid form between simple 
amino acids and neutral salts, i.e., both ions involved simultane- 
ously, may be taken at least as evidence of the possibility of 
similar compounds with protein in solution. 

The conclusion that both ions of inorganic neutral salts are 
capable of uniting simultaneously with protein in solution at or 
near the iso-electric point does not require of course that unde- 
natured protein when crystallized out in the presence of such 
salt and subsequently washed should still contain the salt, for as 
Pauli has shown these compounds are reversible and the salt may 
therefore be removed beyond the limits of : detection by washing. 
The conclusions of Pauli are therefore quite consonant with the 
finding of Sorensen already referred to regarding his inability to 
detect (NHOjSO* in the washed crystalline egg albumin. 

It has been tacitly assumed in the above that the Na + and Cl~ 
attach themselves to carboxyl and amino groupings respectively. 
There is no conclusive evidence that such is the case. Thus the 
experimental results obtained by Northrop and Kunitz (43), 
using a membrane p.d. method, regarding the union of various 
anions and cations with gelatin are for the most part difficult of 
interpretation as regards the position at which the addition takes 
place. For example, the conclusion, based upon Hitchcock’s 
observation (44) to the effect that, since the deaminization of 
gelatin diminishes the amount of hydrogen ion combined (from 
0.00089 moles of acid per gram of untreated gelatin to 0.00044 
moles per gram of deaminized gelatin), the hydrogen ion therefore 
combines at the amino group, is not necessarily true. Thus 
deaminization by destroying a certain number of the free amino 
groups would cause, if the zwitterion form exists, a corresponding 
number of the “partner” — COO~ groups to become practically 
unionized — COOH groups, no longer titratable by acid of which 
a smaller amount is now required, corresponding, in fact, to the 
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zwitterion —COO - groups unaffected (indirectly) by the deamini- 
zation. Obviously this way of regarding the matter entails the 
assumption that deaminization does not remove all the free 
amino groups. Simms (45), who repeated Hitchcock's measure- 
ments, concludes that “deaminization removes a large part of the 
lysine group and does not remove the pre-arginine, the arginine or 
the histidine groups.” 

An important observation made by Northrop and Kunitz is 
that the position of attachment of hydrogen ion is likewise the 
position of attachment of copper ion. As to the location of other 
ions the evidence is uncertain. In the case of Cl~ ion Northrop 
and Kunitz show that when CuCl 2 is employed the amount of Cl~ 
ion combined is the same whether the gelatin be deaminized or 
not. Of the two types of groups, amino and carboxyl, it is 
evident that Cl - would only combine at an amino group. We 
might possibly account for the above result by asserting that the 
Cl~ unites at the pre-arginine, arginine or histidine portions and not 
at the lysine. This would be purely an ad hoc assumption at this 
stage. Failing this, we would have to assume union at some other 
group, such as the peptide linkage oi: the “oxonium” oxygen of the 
carboxyl group. If this be assumed in this case, it would be only 
logical to take such positions into consideration when union with 
cations is considered. This would greatly enlarge the variety 
and therefore complexity of the problem presented by union of 
protein with simple ions. The position is therefore very obscure 
at present. 

As will have been realized the real difficulty in demonstrating 
beyond any doubt the fact of union and the extent of union of both 
ions of a neutral salt with a protein at its iso-electric point lies in 
the minuteness of the extent of union. This is particularly the 
case with salts of the alkali metals. Parenthetically it may be 
well to point out that the union of either or both ions of a neutral 
salt with iso-electric protein even on the assumption (which may 
not be true) that union takes place at the amino and carboxyl 
groups is not at variance with the conclusion already drawn 
regarding the behavior of protein towards dilute acid alone or 
dilute alkali alone, resulting in the production of a largely ionized 
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protein chloride and sodium, proteinate. These are true salts, 
and as such are largely ionized over a fairly wide pH range and 
completely ionized in the neighborhood of the iso-electric point, 
i.e., no union of protein ion with oppositely charged inorganic ion. 
The amount of the latter present from the acid or alkali is small in 
the neighborhood of the iso-electric point (of the order 10 -4,T N) 
compared with the concentrations of the ions of neutral salt (of 
the order 0.01 to 0.1 N) employed in the experiments dealt with 
above. 

Ito and Pauli (46) have recently investigated the effect of 
neutral salts upon a number of proteins on the alkaline side of the 
iso-electric point. They find that with salts of the NaCl type 
even up to 0.02 M the direction of motion (of egg albumin and 
serum albumin) is unchanged — namely, towards the anode. With 
chlorides of Ba ++ , Ca ++ and Mg ++ at 0.05 M, migr ation occurs 
in both directions. In the case of gelatin the chlorides of the 
alkaline earths reverse the direction of motion of the protein 
particles even at a concentration of 0.004 M. 

Ito and Pauli have likewise examined the behavior of pseudo 
globulin on the acid side of the iso-electric point. They find that 
potassium salts containing the following anions: Cl - , S0 4 , 

Fe(CN) 6 , Fe(CN) 8 , change the cathodic migration, 

reversal of the direction being produced by Fe(CN) 6 at 
5 X 10~ 6 N, by Fe(CN)« at 1 X 10 -4 N, by S0 4 at 7.8 X 
10" 4 IV, while Cl - at 0.05 IV causes movement in both directions. 
These effects are in general agreement with expectation. 

Although Pauli has succeeded in comparing the interaction of 
silver nitrate with undenatured and denatured serum albumin 
under concentration conditions at which flocculation did not 
occur even in the case of the denatured protein, similar experi- 
ments do not appear to have been attempted in other cases, 
e.g., with denatured hemoglobin or egg albumin and alkali salts. 
Under ordinary circumstances on addition of neutral electrolyte 
even in small amounts, the outstanding phenomenon is floccula- 
tion, which is a maximum in the neighborhood of the iso-electric 
point and diminishes as the pH diverges from this region. This 
effect, therefore, seriously interferes with an examination of the 
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possible union of the ions of the salt with protein denatured but 
still dissolved. We are justified probably in inferring some 
degree of chemical interaction even here in the light of the be- 
havior (already briefly discussed) of a protein such as gelatin, 
which we have already su gg ested to be analogous to a denatured 
protein rather than an undenatured one. Casein may also be 
cited as a protein which behaves in a like manner. 

5. Alteration in pH as a consequence of union of protein mth 

neutral salt 

The conclusion that the ions of neutral salts (not necessarily in 
exactly equivalent amounts) can combine to a slight extent with 
protein at or near the iso-electric point raises the question as to the 
possibility of alteration in pH as a consequence of such union. 
We shall deal with this first on the assumption that the protein 
unit contains a certain number of zwitterion forms, and secondly 
from the point of view of the unionized form. If the zwitterion 
form is present, addition of ions of, say, NaCl in equivalent 
amounts will obviously leave the pH of the system unaffected. 
If the Na + is more combined than the Cl~ ion this will mean that 
in addition to a number of symmetric structures represented by 
Cl-NHa-R-OOONa, there will be produced on certain of the pro- 
tein units one or more structures of the type + NH S • R ■ COONa. 
This involves a destruction of the balance of the original zwit- 
terion. If these structures remain intact they will not alter 
the pH, but will incidentally give a positive charge to the pro- 
tein units even at the iso-electric pH. If, however, such units 
combine with OH - ion, as it seems likely they would do in view 
of the weakness of the isolated charged amino group, the pH of the 
systems would be expected to decrease, and this should be observ- 
able in spite of the buffering action of the protein which has not 
interacted at all with the salt. 

Incidentally, the differential effect should become more pro- 
nounced the greater the difference in valency possessed by the 
salt ions involved. If the protein be denatured, flocculation 
would of course occur, and this possibly by the union of the 
positively charged individuals (as the case may be) with free 
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protein molecules. This point is considered in the section on 
flocculation and will not be discussed here. On the other hand, if 
the basic-acidic groups of the protein do not give rise to the 
zwitterion structure, interaction of Na + and Cl - would entail the 
splitting off of H + and OH - , respectively, from the carboxyl and 
amin o groups. Once more, if exactly equivalent amounts of Na + 
and Cl" are united, the pH will remain unaffected. If there is an 
excess of Na + combined, the solution should become slightly acid. 
As mi gh t, have been anticipated, it is not possible therefore to 
decide on such evidence as this whether the zwitterion form is 
present or not. The only experimental work bearing upon the 
question of production of acidity or alkalinity as a consequence of 
union with neutral salts which is known to the •writer is that of 
Chick and Martin 18 (47), who have found, for example, that addi- 


TABLE 3 

Effect of addition of NaCl to a solution of crystalline egg albumin 


CONCENTRATION OF NaCl 

H + ION CONCENTRATION (DETERMINED 
ELECTRICALLY) 

0 

10-4.88 N (132 X 10- 7 N) 

0.1 N 

10—4.88 IV- (132 X 10" 1 TV) 

1.0 N 

10-5.80 tv ( SO X 10" ' TV) 

2.0 N 

10-5.73 TV ( 19 X 10" 1 TV) 


tion of considerable NaCl to a 1 per cent solution of crystalline egg 
albumin (practically at the iso-electric point initially) causes the 
solution to become alkaline (see table 3). Unfortunately the pH 
of the original NaCl stock solution itself is not recorded. As this 
may have been of the order 5.9, corresponding to aqueous solu- 
tions in equilibrium with the atmosphere, it is possible that the 
changes in pH indicated in the table were the natural consequence 
of increasing the NaCl content. On the other hand if the effect is 
a real one due to interaction of the protein and salt, the direction 
of the change indicates that the Cl" ion is preferentially bound. 

13 Chick and Martin themselves point out that the earlier work by Hardy and 
by Pauli and Handovsky upon alteration in pH by addition of neutral salts is 
rendered somewhat uncertain by the fact that the indicator method was employed. 
Chick and Martin use the e.m.f. method. 
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If we assume for the time being that the Cl - ion attaches itself 
to an amino group of a zwitterion structure, such union will render 
the carboxyl ion free to unite with H+ (from the water) with conse- 
quent formation of OH - . If the amino and carboxyl groups are 
both in the classical form, addition of Cl - at the amino — NHsOH 
group would necessarily liberate OH~ from that position directly, 

It may be pointed out that from Loeb’s titration data for 
albumin with caustic soda it follows that approximately 1.0 cc. of 
0.1 N NaOH is required to bring 1 gram of albumin (dissolved in 
100 cc.) from the iso-electric point to pH = 5.3. That is, 
1 X 10- 4 equivalents of OH" are involved. This ought to repre- 
sent in the sodium chloride case the excess of Cl" ion bound by 1 
gram of albumin over the Na+ ion bound at this pH. It gives us 
therefore a lower limit for the quantity of Cl- bound. The result 
is at least consonant with the finding of Pauli and Matula (al- 
ready referred to), who estimate the upper limit of Cl~ bound by 
1 gram of albumin as 5 X 10 - 4 equivalents, at a somewhat uncer- 
tain pH on the alkaline side of the iso-electric point. 

In the second of the papers referred to, Chick and Martin have 
recorded the behavior of sodium citrate with respect to 0.057 per 
cent denatured egg white'. The protein material is dispersed in 
acid to begin with. The concentration of sodium citrate em- 
ployed was varied from 0.0002 N to 0.006 N. Flocculation 
manifested itself when the concentration of sodium citrate 
reached 0.0006 N. On raising the concentration to 0.004 N, 
dispersion once more took place. The initial pH of the system 
(sodium citrate 0.0006 N) was found to be 3.59; the final pH 
(sodium citrate 0.006 N) was 6.21. In the first solution the 
protein particles were positively charged, as would be expected in 
view of the appreciable acidity. In the final solution the protein 
is negatively charged. As the final pH is as high as 6.21, this of 
itself would cause the protein portion which has not reacted with 
the salt at all to take on a negative charge. The production of 
OH - ion is evidently occasioned by preferential union of citrate 
ion. If, again, this is regarded as taking place at the amino group, 
an equivalent of OH" will be produced, thereby increasing the pH 
as in the NaCl case. It is evident, however, from the magnitude 
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of the change in pH that citrate ion — as would be expected from 
its valency — is mufeh more readily bound than is Cl - ion. This 
capacity for union, coupled with the fact of a valency greater than 
unity, is also probably the cause of the initial flocculation at the 
iso-electric pH, followed by dispersion owing to the existence of 
numerous mutually repelling structures of the type Citrate — NH a 
-R-COOH, i.e., divalent units. Owing to the probability of 
such units it is impossible to say whether the final negative charge 
is to be ascribed mainly to such or mainly to protein anions result- 
ing from interaction with hydroxyl ion. Experiments in buffered 
systems would seem to be necessary in this connection. 

Results have likewise been obtained by Chick and Martin for 
the salts KC 1 , K 2 SO 4 and CaCh acting on 1 per cent pure crystal- 
line egg albumin, starting from a definitely alkaline point, pH = 
8 . 88 . Addition of these salts increases the H+ ion concentration 
under the above circumstances. It would therefore be expected 
that preferential union with the cation of the salt occurs with 
consequent production of H + . Thus, with KC1 at 0.05 N the 
pH alters to 8.42; with CaCl 2 at the same normality the pH alters 
to 7.87. It may be inferred that higher concentrations of CaCl* 
would further affect the hydrogen ion, i.e., increase it still more. 
It may be anticipated that a pH identical with that of the iso- 
electric pH of the pure protein could thereby be attained. Under 
such conditions^ however, the protein would not be simple iso- 
electric material represented by the structure NHa ‘R-COOH 
or +NH»-R-COO“, but material containing in addition a Con- 
siderable number of structures of the type +NHa ■ R * COOG& + 
as well as of the type Cl • NHa • R • COOCa+, the pHbeihgno 
longer that co&esponding to electric neutrality of the protein 
material as a whole. Oh further addition of CaChwitik altera- 
'tion of pH to the add side of the iso-electric point pf thhparent 
protein, it may be expected that preferential 
will more or less rapidly, dimmish owing to the the 

normal protein eomaojr frfto .earistence^ ’t»d 

amount of Oa++ bound at different pH ;t^^?« ®be case of 
gelatin, and havn found that at pH valueSlN^thah 3 the Ca ++ 
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is completely displaced by the H + ion. A similar behavior may 
be anticipated with albumin. The corresponding membrane p.d. 
measurements have not yet been carried out. 

We may at this point draw attention to the apparently “antag- 
onistic” effects produced by NaCl and KC1, respectively, on 
crystalline egg albumin as recorded by Chick and Martin. The 
alteration in pH in the two cases is such that we have inferred 
preferential union of Cl - ion over Na + in the case of NaCl, but 
preferential union of K+ over Cl~ ion in the case of KC1. It is 
hig hly improbable, however, that there can be any distinction of 
this sort as between potassium and sodium. The explanation 
would appear to be that a different pH range was employed in the 
two cases. Thus in the KC1 experiments the initial pH, namely 
8.88, is distinctly on the alkaline side. This condition will 
naturally be very favorable to union of a metallic cation since the 
protein units here carry a considerable negative charge. Conse- 
quently the preferential union of K + which is observed decreases 
the alkalinity, Le., decreases the pH. It seems likely that at a pH 
not far from the iso-electric point but on the alkaline side thereof, 
the union of either K + or Na+ would be just about the same as 
that of Cl~ ion. Such a position should correspond to union of 
both ions of salt in equivalent quantities without alteration in 
pH. This position has not yet been found experimentally, so far 
as I am aware. For Ca ++ a similar position corresponding to 
equal union of both ions would be expected to lie on the acid side 
of the iso-electric point. 

It follows further that the presence of a suitable inorganic salt 
with multivalent anion may cause part at least of the protein to 
carry a negative charge even on the acid side of the iso-electric 
point. This has been shown to be the case by direct electro- 
phoresis measurements by Chick and Martin in the case of 
denatured serum protein in the presence of 0.07 N Na*SO* at a 
pH = 4.01, the protein being in the dispersed state under these 
conditions. The excess union of SO< thus indicated, naturally 
demands that prior to addition of the salt the pH of the solution 
must have been more acid still. This is the case, the initial pH 
being 3.24, at which point it was shown by experiment that the 
protein was dispersed and positively charged. 
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In the light of the above considerations we are probably justi- 
fied in concluding that observed alterations in pH — a quantity 
susceptible of very accurate ' determination — afford the most 
exact means at present available for determining the difference in 
the extent of union of the salt anion and cation respectively. If 
one of these ions can be determined with accuracy by an inde- 
pendent method, say the Na+ ion by means of the sodium amal- 
gam electrode, the problem of the extent of union of both ions 
would conceivably be brought in such a case to a much more 
satisfactory position than exists at present. 

Returning to the results obtained by Chick and Martin for the 
alteration in pH on addition of CaCl 2 , it is of interest to calculate 
the extent of the differential effect indicated thereby under the 
condition of the experiment. Thus, if a; is the number of equiva- 
lents of Ca ++ bound by 1 gram of protein in excess of the amount 
of Cl - bound simultaneously, then x is likewise the net number of 
equivalents of H + which are thereby produced, and if y is the 
number of equivalents of H + taken up by the residual protein to 
reduce the negative charge, then x — y is the number of equivalents 
of H + effectively added to the solution and remaining as such. 
In the experiments referred to it is found that the H + ion concen- 
tration increases from 10~ 8 - 88 N to 10" 7 87 N by the addition of 
CaCl a in such quantity as to make the solution 0.05 N with respect 
to this salt. The increase in H + ion concentration observed is 
0,1217 X 10“ 7 gram-equivalents per liter. Since the volume of 
the solution employed is 100 cc. (this volume containing 1 gram of 
crystalline egg albumin), the increase in mass of H + in equivalents 
is 0 j1217 x* 10" 8 . That is x — y = 1.2 X 10" 9 equivalents. 
From Ldeb’s titration curve it follows that approximately 0.9 cc, 
of 0.1 N NaOH is taken up by 1 gram of albumin in 100 cc., when 
the pH of the solution is changed from 7.87 to 8.88. Hence this 
quantity of 0.1 N acid would be taken up by the albumin in 
reversing the titration. That is, y = 9 X 10" ‘equivalents, It 
follows that x and y are practically identical, mz. 9 X 10"* 
equivalents. Hence when 5 X 10~* equivalent of Ca ++ are 
present in 100 cc., 9 X 10" 5 equivalents of Ca +4, are bound by 1 
gram of the protein at pH = 7.87, in excess of the amount of Ca ++ 
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bound simultaneously with and balanced by Cl" ion. If the 
latter be very small, as would be expected at a pH so alkaline as 
7.87, then the above figure gives the (minimum) value of Ca ++ 
bound under these conditions. It may be mentioned in this 
connection that, according to Northrop and Kunitz, in the case of 
gelatin the amount of Ca ++ bound attains a roughly constant 
value on the alkaline side of the iso-electric point, amounting to 
3.5 X 10 -4 moles per gram. 

As already mentioned, addition of KC1 to crystallized egg 
albumin in the distinctly alkaline region reduces the alkalinity. 
In view of this behavior it might be thought that the function of 
the inorganic salt in bringing about flocculation of the protein is 
that of adjusting the pH of the system towards the iso-electric 
point. It will be recalled, however, that in the case of NaCl, 
addition of the salt at pH = 4.88 altered the pH away from the 
iso-electric point. Such alteration therefore cannot account for 
the flocculating action. As Chick and Martin express it, “What- 
ever may be the nature of the process involved, it is clear that the 
change in reaction of protein solutions caused by electrolytes is 
inadequate to explain the influence of the latter upon agglutina- 
tion.” A possible mode of interaction in this connection is con- 
sidered in the section dealing with flocculation. 

A stalking illustration of the effect of alteration in pH produced 
by a salt is afforded by the results of Thomas and Norris (48) in 
connection with the effect of heavy metal salts, namely, zinc 
chloride and thorium chloride, upon egg albumin. In this case, 
however, the increase in H + ion is ascribed entirely to hydrolysis of 
the inorganic salt itself. The very large variation in-H + ion thus 
obtained is shown by the fact that with ZnClg at 0.0008 M the 
pH = 7.07, at 1.715 M the pH = 2.5. Thomas and Norris, as a 
matter of fact, are concerned with the precipitating action of such 
salts, especially with the existence of the “tolerance region” 

■ between the first and second zones of precipitation. It is con- 
cluded that the effects to be expected are a function of the H + 
ion concentration, the first precipitation (with low salt content) 
bringdue to union of the heavy metal cation with 'albumin in the 
fona of anion to produce a rever&ble precipitate. With further 
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addition of inorganic salt, the H + ion passes to the acid side of 
the iso-electric point with the result that the metal-albumin salt 
is no longer formed. On greatly increasing the salt concentra- 
tion the albumin is denatured and is apparently regarded as being 
precipitated as such, though it may well have been denatured 
albumin chloride. (Compare Chick and Martin’s results with 
denatured albumin sulfate, considered in the section on floccula- 
tion.) It is concluded that a “heavy metal ion is intrinsically 
an albumin denaturant.” In general, the explanation offered 
for the tolerance zone is in agreement with the general line of 
thought pursued in the present section. As to why or how a 
heavy metal ion is capable of bringing about denaturation 
nothing isTbaown. On the supposition that it is really a hydrogen 
ion effect it would be necessary to assume interaction of heavy 
metal even with the positively charged protein unit with local 
increase in H + ion. For this to occur it would be necessary to 
show actual union with the metal by means of cataphoresis. This 
was not done in the above case. 


6. Solvent action of neutral salts and of non-electrolytee upon 
undenatwred and denatured protein 


We are not dealing here in the first instance only with proteins 
such as albumin and hemoglobin which possess an appreciable 
solubility in water, but with protons of the globulin type which 
are insoluble in water but “soluble” in neutral salt solutjoB. 


* When much salt is present it acts as a precipitant, e.g., ammonium 
sulfate. :• 


g, and as 

been the subject of considerable investigation at 
amongst others, of Hardy (49), Mellanby (50), 
Osborne and Harris (52),Qohn and Prentiss (53). 
serurn globulin “dissolved” by a neutral salt 
upon the nature and concentration of salt but. 
amount of protempresent in the original 
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m. 

lone protein 
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in the material employed. 14 It should perhaps be emphasized 
that the concentration of salt here contemplated is large compared 
with that required to bring about flocculation of a denatured 
protein of the egg albumin type. The phenomenon, in fact, 
suggests peptization rather than solution proper. So far as I can 
gather, the concentration of salt which possesses solvent action 
is comparable with the upper limits of concentration which have 
been employed in connection with experiments on the union of 
neutral salts with proteins of the albumin, hemoglobin and gelatin 
types. 

Hardy (be. cit .) has drawn attention to a striking quality of 
globulin when dissolved in neutral salt. “The solution contains no 
ionic, no electrically charged globulin, as is shown by the absence 
of all movement in an electric field, while solutions in dilute acids 
and alkalies are ionic.'’ It would seem that both ions of the salt 
are in combination with the globulin to equivalent extents. 

To give an idea of the extent of solvent action produced by salts, 

> reference may be made to some of Mellanby’s experiments with 
KC1 acting upon globulin, from horse serum, at 20°, the globulin 
being initially in the form of a suspension in water containing 
approximately 1.4 grams of protein in 100 cc. The solvent 
action is expressed as “per cent of original globulin dissolved” by 
the salt. With KC1 at concentrations 0.047 N and .0.0806 N 
respectively, the “per cent of original globulin dissolved” in- 
creased from 40.7 to 84.0. With NaCl the increase in solubility 
expressed in the same manner rose from 35.7 to 91.5 on altering 
the concentration of NaCl from 0.0427 N to 0.0853 N. Incident- 
ally, Mellanby finds that the solvent action of potassium iodide is 
greater than that of potassium bromide and this is in turn greater 
than that of potassium chloride, but the differences are not large. 

In the case of the vegetable globulin edestin, Osborne and 
Harris (be. cit.) give a considerable number of solubility deter- 

14 The effect of the mass of globulin upon the composition of the fluid phase was 
first detected by Hardy (54) who, suspecting it to be due to a second component, 
repeated the experiments with “pure crystals of edestin washed with 20 per cent 
alcohol.” The phenomenon was again observed. It is evidently a real char- 
acteristic of globulin behavior. 
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minations with salts of different valency and concentration. 
With NaCl at concentration 0.4 N, the solubility of edestin is 
0.5 gram in 100 cc. ; with 0.8 N NaCl, the solubility is 7.5 grains in 
100 ce., the increase in solvent action being very great in the 
case of edestin. Bivalent salts are more potent agents than 
univalent salts. 

That the solvent action is concerned with some kind of exces- 
sive disaggregation of the “solid" globulin is indicated by the 
finding of Gortner, Hoffman and Sinclair (55) in connection with 
certain vegetable globulins to the effect that on dissolving the 
protein with the aid of KBr (a very effective agent) and subse- 
quently dialyzing so as to obtain the solid once more, this solid is 
now much more readily peptizable by KC1 than it was in the first 
instance. 

While it is almost certainly correct to describe the solvent 
action as peptization, this of itself does not carry us very far as 
regards the mechanism of the process, which still remains one of 
the least understood in the field of the physical chemistry of the 
proteins. 

As regards the mechanism of the peptizing or solvent action of 
neutral salts in appreciable concentration upon globulins it ap- 
pears to be generally assumed that the effect is a “direct" one due 
to the interaction of the salt (ions) with the protein. That 
peptization may be “indirect”, that is, may have its origin in an 
alteration in the relative amounts of monohydrol and dihydrol 
of the water, has been suggested by Bancroft (56). 

' It should be mentioned that, according to Mellanby, “globulin 
is precipitated from solution in neutral salts by minute quantities 
of salts of the heavy metals." 

Mellanby has concluded that “solution of globulin by a neutral 
salt is due to forces exerted by its free ions. Ions with equal 
valencies, whether positive or negative, are equally efficient 
and ihe efficiencies, of ions of different valencies are directly 
proportional to the square of the valencies." The latter state- 
ment does not as yet rest upon a very certain experimental 
foundation. The position of the problem up to 1925 is well 
described by Cohn (57). Begarding Ihe concentration of salt 
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involved, Cohn writes, “Many times as much salt as acid or 
alkali is required to dissolve a globulin, and solubility bears a 
logarithmic rather than an arithmetic relation to concentration.” 
Clearly we are no longer dealing with stoichiometric effects alone, 
such as have come under review in previous sections. 

Such stoichiometric unions must of course be presumed in the 
present case in the light of the behavior of the water-soluble 
proteins albumin and gelatin with respect to neutral salts. The 
acceptance of this, however, does not afford any real explanation 
of the solvent action itself, which has to be sought on a non- 
stoichiometric basis as esssentially due to a change in environ- 

TABLE 4 

Solvent action of salts upon proteins 
(Cohn and Prentiss) 
pH = 6.8 


CONCENTBATION OF PHOSPHATE 

KHftPO* 4* KaHPO* 

SOLUBILITY OP HEMOGLOBIN PBB 100 CO. 


grama 

0.0213 

3.32 

s 0.062 

3.81 

6.121 

4.85 

0*293 

6.66 


ment. Incidentally, one would expect that the conditions for 
stoichiometric union would be most favorable subsequent to the 
disaggregating or peptizing effect itself. 

Although the solvent action of salts upon proteins has been 
most clearly recognized in the case of the globulins, owing to the 
fact that these are practically insoluble in water, a similar 
effect would be expected even in the case of substances such 
as albumin and hemoglobin which are soluble to some extent 
in water, provided they be undenatured. This has been ob- 
served by Cohn and Prentiss (he. tit .) for crystalline oxyhemo- 
globin from the horse, using a buffer to fix the pH. Table 4 
illustrates the order of magnitude of the effect, which is much 
greater than would have been anticipated, especially as the 
concentrations of salts employed are by no means great. We are 
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evidently dealing with a phenomenon essentially similar to that 
observed in the case of the globulins. The solubility at pH = 
6.6 was less than at either 6.4 or 6.8. Cohn and Prentiss treat 
the effect in terms of the Debye theory, according to which the 
activity coefficient of a given ionic species is diminished by the 
presence of all the ions existing in the solution. If the solubilities 
of ' hemoglobin in water alone and in a salt solution are So and S 
respectively, it follows on the basis of the theory of activity that 
a# So = aS, where « 0 and a stand for the activity coefficient of 
the protein in water and in the salt solution respectively. Since 
the activity coefficient ao can be set equal to unity in such a case, 
it follows that 

logu — “ — login a 

So 


Denoting by c the concentration of any single ionic species (say 
the Na + ion or Cl - ion in the case of NaCl solution) and by 
v the valency of this ionic species, then 2 cv 2 stands for the sum 
of the cv 2 terms for all the ionic species present. Cohn and 
Prentiss employ the equation of Debye, which expresses the 
logarithm of the activity coefficient of a given ionic species — the 
hemoglobin in the present case, here treated as an electrolyte with 
mean valency z — in terms of 2 cv 3 , which measures the influence 
exerted by the ions upon the protein activity coefficient. The 
equation is 


— logip a 


, •. & 


0,5 g a v S e v* 

1 + 1.5 Vsc*» 


Cohn and Prentiss show the general applicability of this ext«4s- 
sion to dissolved horse hemoglobin, by obtaining with ifaaid a 
reasonably constant value iorSo, the magnitude of - Which, ip fat' 
agreement with the somewhat approximate but 
value- in water alone. To make the equation 
factory manner, it fa necessary to conclude that IB^nbglei^in facts 
like a bivalent <fa urii-^paadtivalent • • ; 

15 The suggest that the second alternati’vse is the more prob- 

able in the p^egghfr ea£e Vi It may be added that tl^ h^ilnreinents referred to 
apply to a pH he&f the iso-electric point, |t #jpwable that the valency 
is a function of pH. ■ - M' . * ■ 
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With the aid of the equation the values of St are calculated to 
be 12.2, 11.2, and 13.1 grains per liter at pH 6.4, 6.6, and 6.8, 
respectively. The authors point out that the effect of salt on 
hemoglobin, though very considerable, is much less than upon a 
globulin. They regard the latter type of protein as presumably 
of higher valence type. In the case of edestin Vs* would have to 
lie between 6 and 6 to account for the solubility data of Osborne 
and Harris on the basis of the Debye theory of ionic interaction. 

Incidentally, the change in solubility of hemoglobin with pH 
serves to indicate that this is a factor the possible significance 
of which has been overlooked hitherto in investigations of the 
solvent action of neutral salts upon globulin suspensions. It may 
be pointed out that the fact that hemoglobin shows minimum 
solubility — which on the above mode of treatment one would 
take as indicating -minimum valency, i.e., an iso-electric state — 
not at the true iso-electric point but at a pH on the acid side 
thereof, is probably to be ascribed to preferential union of protein 
with the phosphate ion present in the buffer employed, thereby 
giving the protein unit an effective negative charge which is 
balanced by an alteration to a more acid environment. 

It must be pointed out that to ascribe to z, the valency of the 
protein, a value greater than zero implies that the protein has 
certain groups effectively electrically charged even at the iso- 
electric point. This point has already been made by Bjerrum 
himself (58) in connection with simple amino acids. Bjerrum 
suggests that a mode of demonstrating the existence of zwitter- 
ions, as distinct from the classical form, would be to deter- 
mine the influence of electrolytes on the activity coefficient 
of the amphoteric body. To quote from Bjerrum’s paper: "For 
the form NH s -R-COOH it is to be expected that the solubility 
will not be influenced by addition of neutral salt to a greater 
extent than the solubility of a non-electrolyte in general would 
be influenced. It is otherwise for the form + NH s -R-COO~. In 
view of the electric charges one would expect that an addition 
of neutral salt would here diminish the activity and consequently 
increase the solubility, as is always the case with salts not hav- 
ing an ion in common. If the two charges are far apart, the 
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increase in solubility ought to be twice as great as for an ordinary 
univalent salt. The closer the charges are together the smaller 
must be the effect, since the charges partly annul one another’s 
influence. Preliminary solubility measurements of methyl orange 
in potassium chloride solutions .... indicate an effect which 
is about one-third of that expected on the basis of distant charges.” 
Under the conditions of the experiments referred to methyl orange 
exists almost entirely in the zwitterion form. Bjerrum likewise 
points out, “the zwitterion of an amphoteric electrolyte like all 
other ions must likewise diminish the activity of other ions 
present.” He finds this borne out by experiment. Further, “mix- 
tures of amino acids are much more soluble in water than would 
be expected from the solubilities of the single acids. Not only do 
the acids crystallize with greater difficulty, but they are in fact 
more soluble. Thus the unexpected increase in solubility on the 
part of difficultly soluble substances of this type can be explained 
by their zwitterion nature as arising from attractive forces between 
the electric charges.” The mutual effect here referred to by 
Bjerrum may possibly be operative in biological fluids, for 
example in blood, where globulin and albumin are present 
simultaneously. 

In spite, however, of the apparent cogency of Bjerrum’s argu- 
ment, the possibility still presents itself that the strongly dipolar 
groups represented by unionized amino and carboxyl might be as 
effective as zwitterions in respect to the influence of salt and other 
substances on solubility. 

To return to the question of the effective valency of a protein 
as estimated from the influence of neutral salt upon the solubility 
of the protein, it may be recalled that in the work referred to 
undenatured protein* was employed. It would be of considerable 
interest to attempt to make similar measurements with denatured 
material as a step towards understanding the peptirifig effect to 
which appeal has to be made in considering the solvent action of 
salts upon insoluble proteins, e.g., the globulins. 

A further point arises in connection with the applieation of the 
Debye equation to the solvent action of salts Upon a protein. 
The dielectric capacity D appears in the numerator and in the 
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denominator of the Debye expression, the numerical factor 0.5 
(in the form of the equation quoted above) including a group of 
terms having D 3 ' 2 in the denominator thereof, the factor 1.5 
likewise having D 1/2 in the denominator of the group of terms 
covered by this numeral. 

As ordinarily employed the value used for D is the dielectric 
constant for water at the temperature to which the measurements 
refer. With the concentrations of salts present in protein solu- 
bility determinations referred to, the D term may differ somewhat 
from that of pure water. Dielectric capacity measurements of 
aqueous salt solutions carried out by different observers show 
very great discrepancies. On the whole there is agreement as to 
the fact that on addition of small quantities of salt the dielectric 
capacity falls. On further addition of salt, beyond the concen- 
tration O.Olilf approximately, according to the observations of 
Schmidt (cf. Carman and Schmidt (59)), the dielectric capacity 
in the case of NaCl and KC1 rises and soon exceeds that of water. 
In the latter region (which may correspond with that employed 
in the experiments under consideration) to make the Debye 
1 equation apply it would be necessary to adopt higher values of z 
(the valency of the protein) than that suggested by Qqhn and 
Prentiss. The initial fall in the dielectric capacity on addition of 
very snail quantities of salt would, if the Debye equation be 
applicable, be expected to increase the solvent action more rapidly 
than that calculated in the ordinary way. Actually this anticipa- 
tion does not appear to be realized. Thus Osborne and Harris 
(loc. cit.) state that "edestin, dissolved in water with a minimal 
quantity of alkali, forms a solution which is abundantly precip- 
itated by minute quantities of sodium chloride, in just the same 
way as solutions similarly made with acid are precipitated, the 
precipitate in each case being dissolved by a larger proportion of 
salt.” 

If this behavior is general hot character 1 ® it suggests that before 
the Debye effect becomesappreciable the effect of salts, in minute 

" Analogous results for the effect of salts on albumin have been obtained by 
'.- Mafeey s i ( 61 ). 
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amounts, is essentially that of inducing colloid precipitation. 17 
In other words, the presence of small amounts of salt acting by 
chemical union or by local decrease in dielectric capacity, or by the 
operation of both functions, “sensitizes” the colloidal particles or 
suspension thereby increasing the tendency towards aggregation. 


In discussing the presumed alteration in dielectric constant attributed 
to the presence of added salt it is necessary to draw attention to an effect 
likewise involving dielectric capacity which may have a completely 
swamping effect as compared with any alterations in D produced by the 
salt. I refer to the effect of the protein itself upon the dielectric capa- 
city of the solution. According to the measurements of Marinesco (60) 
upon methemoglobin (source, method of purification and pH not stated) 
an astonishingly great fall in the dielectric capacity of the “solution” in 
water occurs. Thus with 0.75 per cent methemoglobin D = 58.3, 
while with 2 per cent protein D = 31.8. Provided these dielectric 
capacity measurements are reliable, it would be inferred that for 
saturated solutions of methemoglobin (and therefore very probably for 
oxyhemoglobin) the numerical value of the group of terms collected in 
the numeral 0.5 in the numerator of the Debye equation, as well as one 
of the terms in the denominator would be so much altered as to give rise 
to too small values for a, the effective valency of the protein. The 
matter is raised at this point although it cannot be carried further 
owing to the complete lack of the necessary dielectric constant data*. 


' Apart from the particular point just raised, it is evident that the 
Debye equation might be regarded as affording a basis for |i^ 
increase in solubility exhibited by a protein by the addition of' 
neutral salt, provided each unit of the protein carries, effective 


electrical charges even though equal in number but : of o|>p$pte 

tion effect, which from this -point of view would be 0 .seribfeff.'to-.an 
electrical environmental effect. Any actual s <rf 

eithejr or both of the salt ionS with the protein ,win^'^|&''1bafiis 
be regarded not as a $ause of peptization con- 

comitant. That the theory underlying th® De%*» .agnation 
cannot be regarded as : covering the whole 

17 We are here aatteipattis to a certain extent 
section, w*. floceolStkm. 





in a later 
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evident when we recall that peptization of material, whether 
electrically neutral or not, may be brought about by non-elec- 
trolytes. Further, in using the term peptization we have in 
mind not only an increased solubility effect, but likewise a pre- 
liminary (and essential) disaggregation of gross units of colloidal 
material. This implies that the cohesive forces operative be- 
tween the colloidal units of a large aggregate can be sufficiently 
reduced by the peptizing agent. The existence of this phenome- 
non suggests the possibility of the applicability of another ex- 
pression, namely the “distribution” equation of Bjerrum and 
Larsson (62). This equation is intended strictly to apply to the 
solubility of an electrolyte in ion-free media of different dielectric 
capacities. At first sight, therefore, it would appear to be wholly 
inapplicable to the present case. It is just possible, however, that 
a complex “tree-like” structure such as a protein molecule or 
aggregate may be so bulky that in comparison therewith even a 
salt solution may be regarded as a medium essentially homo- 
geneous and of uniform dielectric capacity. The act of dissolu- 
tion must certainly involve the protein molecule as a whole, 
though it may be dragged into solution, so to speak, by weakening 
of the localized forces operative between certain points on the 
contiguous protein molecules, these forces being associated with 
a limited number of groups (possibly the amino or carboxyl 
groups in the zwitterion form) likely to possess marked mutual 
affinity. From this point of view it seems not unreasonable to 
regard the effective valency as comparable with the number of 
amino or carboxyl groups in the zwitterion form. This would 
mean a number varying with the pH of the solution, being of the 
order 2 to 5 presumably in the neighborhood of the iso-electric 
region. It is evident that these electrically charged regions are 
widely separated from one another in the protein molecule as a 
whole. At pH values sufficiently far removed from the iso-electric 
region, the effective charge on any protein unit .becomes pre- 
dominately of one sign, with consequent mutual repulsions 
between contiguous units and therefore additional solubility — in 
agreement with experiment — on this ground alone quite apart 
from dielectric capacity considerations. We are concerned for 
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the moment more particularly however with the behavior in the 
region of the iso-electric point. 

The Bjerrum-Larsson equation deals primarily with the 'dis- 
tribution coefficient or ratio of solubilities of an electrolyte — in 
the case considered, the protein — in two different environments. 
Regarding the change in solubility as due solely to the alteration 
in the electrostatic forces owing to alteration in dielectric capacity, 
the equation is 

logic - - logic £ 7 {*'*) 

where Si and St denote the solubilities of the protein in two media 
of dielectric capacity Di and D* respectively, z is the mean 
valency or charge (of either sign) upon the protein unit, and r 
the radius of the protein unit expressed in Angstrom units. 

Taking 65,000 as an average molecular weight for a protein, and 
treating the molecule or unit as though it were a sphere of unit 
density, it follows that r — 30A. The value of z we shall consider 

#2 x 1 2 X 10 2 

as lying between 5 and 2. Whence the value of ' 

lies between 100 and 16. Taking a solution of 0.02 N NaCl as 
the first solvent, it follows from Schmidt's data that 2>i = 93.6. 

With 0.016 N NaCl, Di = 80.8. Whence is approxi- 

& 

mately 1.7 X 10' Hence log l0 ~ lies between 0.17 and 0.027. 

That is, ^ lies between 1.48 and 1.06. From the graphs given in 

Mellanby’s paper the increase in solubility of serum globulin in 
so far as it can be estimated at all for the NaCl range 0.016 — 
0.02 N appears to lie between 20 per cent and 40 per cent, i.e. 

a 

lies between 1.2 and 1.4. It is impossible to say whether 

Os 

there is substantial agreement or clear disagreement between the 
observed and calculated values, owing to theuneertainty of the 
dielectric constant data on the one hand and of the solubility 
data on the other. In the case of edestin, much more extensive 
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solubility data are available, but the concentration of salt 
employed is far beyond that for which any dielectric constant 
data are available. It may be well to emphasize here an essential 
difference between the Debye equation and the Bjerrum-Larsson 
equation in respect to the dielectric constant term. On the Debye 
equation the solubility of a protein would be expected to fall as the 
dielectric constant increases, i,e., log S a 1/D m (omitting the k 
term of the denominator). On the Bjerrum-Larsson equation 
the solubility would be expected to rise as the dielectric constant 
increases. 

In both cases the "response” of the protein to the surroundings 
depends upon the protein having one or more electric charges. 
If the material be a non-electrolyte, neither equation is appli- 
cable. Furthermore, as already mentioned, the Debye equation 
is intended to take account of the effects due to the presence of 
ions upon a given ionic species, while the Bjerrum-Larsson 
equation is intended to apply to an ion-free medium. 

If the latter equation is applicable at all to the solubility of a 
protein, it would follow that addition of substances such as glycine 
and urea which, according to Fiirfch (63) raise the dielectric 
capacity of water, should increase the solubility, while addition of 
sugar or alcohol, which lower the dielectric constant, should 
decrease the solubility. Comparing absolute alcohol with water 
as solvents, one would expect on the Bjerrum-Larsson basis that 
the solubility of a protein in alcohol should be very much less than 
in water. This is true for certain proteins, e.g., gelatin, albumin, 
hemoglobin, but there are many known, e.g., the prolamines and 
the vegetable proteins, which are much more soluble in alcohol 
than in water. The environmental change here contemplated 
is so large that the solvent action upon material in the truly 
undissociated forms, considered by Bjerrum and Larsson but not 
included in the equation employed and discussed above, may well 
predominate. 

Reference has been made to the possible effect of addition of 
urea to aqueous systems containing proteins, the effect antici- 
pated on the basis of the Bjerrum-Larsson equation being that 
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of an increase in solubility. 18 In this connection a number of 
striking observations have been made by Ramsden (64) Spiro 
(65) and others. 

Ramsden states that "globulins, caseinogen, acid and alkali 
albumin, copper albuminate, fibrin, and even heat-coagulated 
proteins swell up and dissolve in a saturated aqueous solution of 
pure urea.” Also “coagulable proteins are not beat coagulable 
in its presence, but reacquire their coagulability when the urea is 
removed by dialysis.” Ramsden’s observations have been con- 
firmed by Osborne and Harris for edestin (undenatured and 
crystalline). In water the edestin is practically insoluble. With 
addition of urea edestin gives "a clear and bright” solution. 

The fact that swelling precedes the act of dissolution points to 
an effect of a physical character (primarily) upon the forces 
holding the constituent parts of gels together, i.e., the overcoming 
of the cohesion. Since the forces here involved may well be 
electrical in origin, it is possibly not too speculative to suggest 
that alteration in dielectric capacity due to the presence of the 
urea is an important factor in its effect. If this is so, it is of 
interest to see what kind of results may be obtained by applying 
the Bjerrum-Larsson equation. 

To this end Booth, in the writer’s laboratory, determined the 
solubility of hemoglobin — a British Drug Houses preparation which 
was found to be salt-free and on solution in water gave a solution 
of pH — 6.6 (very close to the iso-electric point) — in water and 
in 5 per cent urea at room temperature. By addition of a little 
alkali the pH of the water plus protein was brought exactly to 
that of the urea, the absolute value of the pH of which',.’ ifras 
determined to be in the neighborhood of 9.9. That it ia essential 
particularly in the case of urea effects to make comparison 'at the 
same pH values was pointed out to the writer by 
den. It was found that the solubility of the proteiu^,© per-eeut 
urea solution was 1.52 times that in “water,” ihatifpie > urea has 

l * That urea may react and combine with a protein in a pur^_<^^uc^ <«4owb- 
iometric) sense is of ootxrse highly probable. We are 1 how- 

ever with only one possible a&peet of its behavior* ; , |r^^^#^^^otoental ,, 

effect. * * v .% ?:• y* * * r 

■ * " > 1 ,r * 
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increased the solubility by 52 per cent. According to the data 
of Schmidt (66), the dielectric constant of a 5 per cent urea 
solution is 1.04 times that of water. Taking jDh«o as 80, it 
follows that D w » = 83.2. Furthermore, taking z, the valency 
of hemoglobin as lying between 2 and 5, and setting r <= 30 A, it 
follows from the Bjerrum-Larsson equation that the electrical 
environmental effect produced by 5 per cent urea should cause 
the solubility of the hemoglobin to increase between 2 per cent 
and 12 per cent. Apparently the environmental effect to be 
expected on the Bjerrum-Larsson baas is small compared with the 
total effect actually produced by urea. However, no attempt 
has been made — nor can be made at present — to take into account 
the posable influence which may be exerted upon the magnitude 
of the Bjerrum-Larsson effect by the change in dielectric capacity 
of the system induced by the protein itself, since there are no 
data available for the dielectric capacity of solutions containing 
protein and urea together. Thus if 5 per cent urea in this case 
increased the dielectric capacity by 4 per cent (as before), then 
on taking the dielectric capacity of a saturated hemoglobin solu- 
tion in water to be not greater than 30 — a Tnaxirnmn value in 
the light of Marinesco’s results; already referred to— the Bjerrum- 
Larsson equation would lead to an increase in solubility between 
5 per cent and 34 per cent, the lower value bang the more prob- 
able of the two. It would appear that the environmental influ- 
ence taken account of by the Bjerrum-Larsson equation is only 
likely to account for a part and possibly not a very large part 
of the effect exerted by urea. It would be necessary, however, 
to take it into account in any attempt to deal quantitatively with 
the total effect. 

In concluding this section, it may be well to point out that no 
attempt is made to Come to a definite conclusion as regards the 
relative merits of the Debye equation and the Bjerrum-Larsson 
equation in respect to their applicability to protein behavior. 
It is probable that both may be of assistance in interpreting 
different aspects of this behavior under different environmental 
conditions. At the present stage an exact test of either equation 
is impossible owing to lack of precise information upon protein 
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solubility in various media, tbe number of electric charges on the 
protein unit, and the dielectric capacities of aqueous solutions 
of salts and non-electrolytes. 

HI. FLOCCULATION 

In this section we shall restrict ourselves almost entirely to the 
proteins of the albumin and hemoglobin type. As already men- 
tioned, in the absence of salt the protein even when denatured may 
be maintained at the iso-electric pH without flocculation taking 
place. The coagulum when it is formed can be washed free from the 
neutral salt employed in its production. In other words, the ions 
of the salt do not form an essential feature of the structure of the 
amorphous colloid mass, the coagulum existing in virtue of co- 
hesion operative between acidic and basic (probably carboxyl 
and amino) groups, 1 ’ although in the denatured but dissolved 
state these groups do not spontaneously unite with any meas- 
urable speed at ordinary temperatures. 

There appears to be no doubt as to the effect exerted by small 
quantities of neutral salt in bringing about rapid and complete 
flocculation on heating. The position is less clear in the absence 
of neutral salt. The early work such as that of Aronstein (67) 
and of Heynsius (68) is contradictory and confusing. The most 
reliable information would seem to be that obtained by Chick and 
Martin (loc. cii.) who worked with crystalline egg albumin. 
Solutions of this material were dialyzed, and it is to be presumed 
that the dialysis was continued until the material was really 
electrolyte-free, although no actual analytical data are given. 
With this material a milky solution was obtained on heating for 
15 minutes in boiling water. The filtrate however contained 
protein, i.e., coagulation was incomplete. This behavior refers to 
the solution as prepared in distilled water. The pH , is not re- 
corded, but presumably it lay between 5 and 6. On adding 
hydrochloric acid and heating, Chick and Martin find complete 
flocculation possible, “provided the pH be carefully' adjusted’' to 

18 That the coagulum formed at the iso-electric point can be redissolved by a 
sufficient addition of acid or alkali may be taken as evidence that the links between 
the molecules composing the coagulum are ionizable acidic-basic in character. 
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the immediate neighborhood of the iso-electric point. On addi- 
tion of a small amount of salt, the pH range over which floccula- 
tion is complete is greatly increased. Thus Chick and Martin 
find that a 1 per cent solution of undialyzed (albumin) crystals 
containing 0.3 to 0.4 per cent ammonium sulfate “will coagulate 
perfectly on boiling over a wide range of acidity (hydrogen ion 
concentration IQ -8 - 1 N tb 10 ~ 7 - * N )” 

The usual explanation given for the favorable effect of heating is 
not only that the essential denaturation is brought about, but 
also that the protein salt of the acid, when such exists, is hy- 
drolyzed to a greater extent. It may be pointed out that the 
decrease in dielectric capacity of the solution consequent upon the 
rise in temperature may be an important factor. "Whether de- 
natured protein in the absence of salt could be flocculated even at 
room temperature with sensible velocity by a suitable alteration 
in dielectric capacity of the system does not appear to have been 
investigated experimentally. 

In addition to possible alteration in physical environment or 
in the chemical nature of the molecular individuals present, the 
main effect of increasing temperature will be of course the wdl- 
recognized one of increasing the intrinsic energy of the molecular 
species present. This aspect is taken up later in the present 
section in connection with the temperature coefficient of the 
flocculation process. 

Apart from actual flocculation, however, as Chick and Martin 
have recorded, it is passible to get turbidity or opalescence even 
in the absence of salt on heating over a wide pH range from about 
5 or 6 to about 2, so far as I can estimate it. From the point of 
view of stability of the protein solution, turbidity is of greater 
importance than complete flocculation since it indicates the 
initiation of aggregation. Further systematic work is required in 
this field. 

It is a very remarkable fact at first sight that denatured protein 
molecules which contain amino and carboxyl groups, some of them 
probably in the zwitterion form, do not flocculate spontaneously 
, readily at ordinary temperature. ■ It has to be remembered, 
however, as pointed out earlier, that to maintain a structure of the 
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type + NH 8 -R-COO - it is necessary to assume that a consider- 
able number of the lines of force associated with the two charged 
regions mutually form a closed field. If this were not the case one 
would naturally expect addition of H + and OH~ (from the solvent) 
with formation of the unionized form NHrR-COOH. Con- 
sequently, although the zwitterion looks at first sight to be a 
highly reactive form capable of forming chains of molecules 
through the operation of simple electrostatic forces, the fact that 
this is not the ease can only mean that the two electrified regions 
have to a large extent neutralized each other’s field. The function 
of increase in temperature would therefore seem to be that of 
opening up the electrical fields around both the basic and acidic 
regions. On the other hand, the function of the neutral salt 
would seem to be essentially that of destroying the symmetry of 
the zwitterion formation, thereby opening up one portion of the 
molecular field, thus enabling it to react with the opposite field 
of the molecules which have not interacted with the salt. 

As pointed out in the Appendix the simplest amino acid, gly- 
cine, which according to Bjerrum (69) exists almost entirely in the 
zwitterion form, is capable of exhibiting even in water a small 
but appreciable degree of polymerization. If the polymer has 
the structure + NH 3 ■ CH 2 • COO - NH* ■ CH 2 • COO - it is evident 
that such polymerization would be the first step towards still 
further union. The fact that the polymerization only goes m 
far as the formation of the double molecule in the case of tbis, 
very simple type of amino add rather suggests that here the most 


stable form is the “inert” 

’ v- i V 1 * <m 
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appreciable polymerization even to double molecules is unlikely 
to occur, provided of course, that the process be regarded as re- 
versible, as it is in the simple case of the amino acid. It is evident 
that the ions of the neutral salt play a definite r61e and, since small 
amounts suffice, the effect is not to be attributed to a general 
alteration in the properties of the solvent as a whole, but must be 
essentially a localized effect. Parenthetically, we may contrast 
this effect with the function of the salt (e.g., ammonium sulfate) 
in large concentration when acting as an agent for bringing about 
crystallization of undenatured protein. In the latter case the 
effect is almost certainly a “general” one in the main — namely, 
competition with the protein for solvent molecules. InHopkins’s 
words “the protein crystals are formed under the influence of the 
electrolyte but not in association with it.” 

Returning to the phenomenon of flocculation near the iso- 
electric point in the presence of inorganic salts, it has been ob- 
served in electrophoresis experiments that, in certain cases, part 
of the protein travels towards the anode and part towards the 
cathode, the remainder (usually a considerable portion of the whole) 
remaining motionless. Phis behavior indicates the ftriRtepaft of 
individuals such as +NH 8 -R-COONa and C1-NH*-R'COO-, 
snail quantities of which may likewise be inferred from the 
e.m.f. experiments of Pauli and the membrane measurements 
of Northrop and Kunitz already discussed in an earlier section. 
Such units, having lost their zwitterion character, and having the 
field of force which emanates from the group carrying the free 
charge thereby greatly enhanced, may now be capable of uniting 
with one Of the original zwitterions themselves, thereby giving 
rise to a double molecule of the form 

a— NH*-Rr-000— NH«— R— 000~ or + NH S — R— COO— NH S — R— COONa 

in which the group carrying the free charge has a similar ly en- 
hanced field, thereby rendering further addition possible. This 
Probably represents the function of the neutral salt at the iso- 
electric point. Incidentally, if a very large amount of neutral 
salt be added, it is conceivable that, instead of getting the chain 
offset which is essential for flocculation, we might get simple fully 
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saturated complexes of the form Cl • NH 3 • R • COONa, which 
would be useless for flocculation and would possibly lead to in- 
creased stability of the protein . 80 

If the above view of the function of the neutral salt as the 
accelerator of flocculation at the iso-electric point be correct — 
that is, if the flocculation or chain formation is caused not so 
much by neutralizing a free charge as by liberating the field of 
force around the charge which has not reacted with the neutral 
salt ion — it follows that the mechanism of flocculation of a protein 
is very different from that envisaged in, let us say, Smoluchowski’s 
theory of coagulation of a hydrophobe colloid such as gold sol. 
The distinction is clearly not simply one dependent on great or 
small affinity for water, although this may play a secondary 
part. In the case of the proteins, flocculation is apparently 
brought about by the removal of the amphoteric character on the 
part .of a small proportion of the protein units, these modified 
units being now characterized by the possession of an eleotric: 
field of a Single sign of enhanced intensity, which renders 'them 
capable of initiating chain formation. In the case of gold sol, the 
individuals to begin with are all of the one sign, and the effect of 
the electrolyte is to reduce the charge below a certain magnitude. 
For this reason a strong acid acts towards gold sol exactly as 
would other strong electrolytes. The behavior is very different 
in the ease of proteins. We have now to consider the flocculation 
of protein in acid solution as distinct from flocculation at the iso- 
electric point. 

Addition of strong acid or base alters the pH of the system- and 
causes the zwitterion formation to disappear, the protean being 
now in the form of protein salt, e.g., protein chloride or sodium 
proteinate. H + ion and QH~ ion, in respect to their effect upon 

20 Actually it does not appear to be essential to postulate the production of 
definite chemical individuals of the type + NHs-R-COONaorC3'£0^ 

Either of the ions of the neutral salt, if brought sufficiently closes to the oppositely 
charged grouping of the zwitterion structure, would be expedite #ye .rise to the 
effect without forming a constituent of the resulting coagulum. We inight regard 
the function of the ion lying between two oppositely charged dipoles or zwitterion 
structures as that of locally lowering the dielectric capacity and thereby in- 
creasing the forces of attraction between the protein unite. t ' 
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protein, stand wholly apart from other ions in that their com- 
bination with protein is much more extensive and complete. 
For this reason the effect of adding acid is to give rise to protein 
units all similarly charged (cations) together with a greater or 
less proportion of unionized salt, e.g., protein chloride, the amount 
and composition of which is a function of the pH. The similarly 
charged protein ions repel one another and, so far as this portion 
of the protein material is concerned, the conditions for flocculation 
are even leak favorable than they were prior to addition of the 
add. On addition of neutral salt to the acid solution there is 
no doubt that union to some extent takes place between the 
anions of the salt and the protein cations in solution. Obviously 
this process could not conceivably lead to chain formation; in 
fact, addition of a very small amount of neutral salt would not be 
expected to have any appreciable influence. The only kind of 
effect to be anticipated would seem to be a mass action effect with 
alteration in solubility of the protein in the ordinary sense of the 
term. The idea that it is a mass action effect is not novel. It 
is substantially that put forward by Hardy in 1$05 (70) in ccsu- 
nection withthe globulins., . ■ • ■ "■ 

Now it is eddent that appreciable mass action effects «apnbt be 
brought about unless the neutral salt added increases appreciably 
the concentration of the anion already present by virtue of the 
add added in the first place. That the effect of the addition of 
neutral salt under such conditions, i.e., at a pH well removed 
from the iso-electric point, is due to mass action, and that the 
process is one of precjpdtation rather than of flocculation, such as 
occurs on addition of salt at the iso-electric point, appears to be 
borne out by the experimental evidence available. This evidence 
may be illustrated by two quotations, one from the paper by 
Chick and Martin (71),the other from the paper of Hardy already 
referred to. 

Chick and Martin state: <£ We found, however, that a solution 
ef purified crystals of egg a&umin which has been dialyzed until 
; aids-free of AmsSOt does not form a predpitate on heating in the 
presence of HC1. Precipitation occurs, however, if neutral salts 
; ?$fo"sddeeL but the amount of a chloride which is necessary to 
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effect agglutination makes the total chlorides to be estimated in 
the filtrate so great that the determination of any loss of chlorine 
(chloride ion) by fixation of HC1 is rendered uncertain. A very 
small addition of a sulfate of sodium, potassium, or ammonium 
is able to bring about complete separation of the heated protein 
in a particulate form. In the presence of 0.014 N HC1 and 0.36 
per cent Na*S 04 we found that, although acid disappeared on 
coagulation, the whole or nearly the whole of the chlorine re- 
mained in the filtrate. On subsequent experimentation we as- 
certained, however, that a corresponding quantity of SO“ had 
combined with the coagulum. We therefore had recourse to 
H 2 SO 4 for acidifying the solution of egg albumin crystals, and a 
small quantity of Na 2 S 04 was added to facilitate separation of the 
coagulum. Only a small amount of this salt is required because 
SO™ assists the agglutination of denatured egg albumin much 
more powerfully than Cl - .” The slightly misleading phrase in 
the above is “very small” addition of a neutral salt, as this would 
naturally be taken to mean an addition that would not materially 
affect the concentration of the significant ion, in this case the 
anion. That the concentration is in fact very materially affected 
is shown by the analytical data given by Chick and Martin for the 
case just referred to. On analyzing the precipitate it is found that 
“the protein acid salt formed on addition of H 2 SO 4 to a solution Of 
pure crystalline egg albumin is precipitated as such on coagulation 
by hot water.” The data show clearly that practically equivalent 
amounts of hydrogen ion and sulfate ion are removed. Further- 
more, the precipitate contains in round numbers I X 
equivalents of either H+ ion or SO™ ion per gram of 




practically all the available amino and carboxyl groups;^; CCSSte 


bination with H + ion and SO™ ion. In the 
sidered the solution in equilibrium with the pti 
tinctly add, namely, 9.6 X W~* N. Had no sc$ 


likewise represent the concentration of 
Actually, owing to the addition of Na*S 
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of SO” is raised to 25 X 10 -8 N, a very appreciable increase and 
one not unlikely to throw the protein sulfate out of solution, 
owing to the operation of the solubility product principle. 81 

A riather sharp distinction has been drawn between the kind of 
structure to be expected in the coagulum formed at the iso-electric 
point and the structure of the protein salt precipitated at a pH 
removed from the iso-electric point. In the latter case removal of 
the excess neutral inorganic salt by washing and addition of water 
should cause the precipitate to redissolve. In the former case 
such treatment should be ineffective, re-solution being brought 
about only by addition of acid or alkali. This is in general 
agreement with experiment. It is evident that much valuable 
information regarding the structure of the precipitate at different 
pH values might be obtained by systematic x-ray measurements. 
So far as the writer is aware no such measurements have as yet 
been carried out. 

Supplementing the findings of Chick and Martin quoted above 
in connection with egg albumin, we now give a short quotation 
from Hardy in connection with (serum) globulin, 

“Globulin itself is insoluble in water — . Acad globulin and alkali 
globulin can be separated in the solid state by dissolving globulin with 
minimal amount of acid or alkali and evaporating to dryness in vacuo 
over sulfuric add and caustic potash. When hydrochloric add is used, 
the dried HCI-globnTin is found on analysis by Oarius’s method to con- 
tain all the chlorine used to dissolve the globulin. HCl-globulin there- 
fore is stable in vacuo in the presence of solid KOH, and the acid may be 
regarded as being in true combination. Add globulin dissolves in 
water.” 

“Alkaline globulin can be separated in the solid state from, for 
example, solution in ammonia by drying in vacuo over sulfuric acid. 
When redissolved the solid shows the same order of molecular conduc- 
tivity as the solution from which it was dried out. Both acid and 
alkali globulins ionize in solution.” 

“Solutions of acid or alkali globulin are precipitated by the addition 
of neutral salts; further addition brings about re-solution always in the 

11 It follows that the precipitate formed under these conditions is not floccula- 
tion in the sense of molecular chain formation, sueh as appears to he the case at the 
iao-eleetrie point. 
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case of alkali globulin, sometimes in the case of acid globulin. Still 
more salt brings about reprecipitation. In the first solution the globulin 
is ionic, in the second solution it is not ionic.” 

‘‘Now if the action between salt and colloid is chemical and identical, 
for instance, with the selective reaction in dyeing which discriminates 
between acid and basic dyes, it would be represented by a generalized 
equation of the form: 

C'H‘ + B'S' - CB + HS. 

That is to say, the colloid functions as an acid and by the law of mass 
action the compound CB is formed because of its insolubility.” 

As is generally realized, the behavior of globulins with respect 
to neutral salts is of a more complex character than the behavior of 
proteins of the albumin type. Until further information is avail- 
able regarding the mechanism of flocculation and precipitation in 
the case of the latter, it will be readily understood that many 
features of the former are at the present time so obscure that 
speculation is valueless. 

We may at this point draw a comparison between the mecha- 
nism of the precipitating action of a weak acid, such as acetic acid, 
to be anticipated on the basis of the considerations (neither novel 
nor original) which we have attempted in the foregoing to em- 
phasize as at least offering a certain amount of guidance through 
a subject complex in itself and rendered more so by incomplete 
data. The two cases to be considered are (a) the precipitation 
of material of the albumin type and (6) the precipitation of a 
colloidal metal. In the case of the hydrophile colloid (albumin) 
the hydrogen ion and acetate ion would be expected to be equally 
involved in the precipitation, the hydrogen ion combining with 
the protein (initially iso-electric) to give rise to protein cations, 
which in the presence of a sufficiency of acetic acid unite with 
acetate ions to form protein acetate until, the solubility of; the 
salt bang exceeded, the protein would be expected tei precipitate 
in the form erf the salt. ;; 

In the ease of the hydrophobe colloid (say gold sol} the hydro- 
gen ion is primarily concerned, its r61e being that of diminishing 
or annulling the initial negative charge on the colloid particles, 
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which, now aggregate as such (not as the acetate) in the manner 
envisaged in the theory of Smoluchowski. In the first case one 
would expect the precipitate to be crystalline; in the second case 
amorphous — or, more precisely, to have the same degree of lattice 
structure as the original sol particles themselves. 

Critical increment of flocculation 


This section may be concluded with a brief consideration of the 
influence of temperature upon the flocculation process. This 
has been investigated by Chick and Martin for diluted horse 
serum, dialyzed, and containing acetic acid, together with either 
sodium chloride or ammonium sulfate. As the behavior ob- 
served is similar in both eases we shall consider one of thaw 
only, namely, a diluted serum (3.3 per cent) containing 3.7 cc. 
of 0.1 N acetic acid in 100 cc. and NaCl at a concentration of 
1 per cent. Apparently the solutions are milky to be gin with. 
The flocculation rate is determined by noting the times taken for 
“viable particles” to appear. From the temperature coefficient 


critical increment, E, of the process, 
table 5: 



to a low value of normal magnitude at higher temperatures. 
This is shown moro clearly by the variation in the E values, a 
“normal” limitihf value of about 23,000 calories being eventually 
attained. This vahie presumably represents the energy required 
to activate or open up the valency fleld around at least one amino 
or carboxyl group to enable it to unite with a polar group of 
opposite sign. (Altbe^hthe connection is a little remote, it may 
be mentioned that the energy required to break the peptide link- 
age — CO — NU — m tbe hjrirolysis of this group has been found 
in the writer’s laboratory tu be 22,000 calories per gram-molar 
group (Eseolme and Lewis^8)). That a critical increment of 
even “normal” dimensions is obtained anywhere for the floccula- 
process' is 'a striking observation. It indicates clearly that 
i^ia act of aggregation in the case of denatured protein is very 
<4h9erc&t> in nature from the aggregation of a colloid such as gold 
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hydrosol. In the latter case it has been shown in the writer’s 
laboratory with some degree of precision (cf. Butler (72)), that 
when sufficient electrolyte has been added (and the quantity is 
small) to completely neutralize the charge on the colloid particles, 
the effect of temperature on the rate of flocculation is quantita- 
tively accounted for by the alteration in viscosity of the medium 
(water). In such a case there is no true critical increment, M 
all collisions being effective. In other words, while the aggrega- 
tion of colloidal gold under the conditions named is satisfactorily 
taken account of by the Smoluchowski theory, in the case of 
protein the process is much more analogous to a bimolecular 
chemical reaction. 

It will have been noticed that the material employed by Chick 


TABLES 

Critical increment, E, of flocculation 


TEMPERATURE 

°c. 

JS IN CALORIES 

44 

110,000 

46 

67,000 

49 

83,000 

56 

37,300 

66 

29,100 

76 

22,400 

86 

24,400 


and Marlin in connection with the influence of temperature Is not 
a pure protein, nor were theinitial solutions transparent. Further- 
more the pH was evidently not determined. We do not -hnow 
therefore whether the limiting critical increment is a'lunc^h'-of 
pH or not. It would be desirable to know with sojes#r'«^gree of 
precision the critical increment of pure crystallized ^^ iSuniin 
with respect to flocculation after preliminary 
values "for the rate/pflk&eulation of egg albt^||^pi|^erent 
temperatures recorded by Xepeschkin (18) to 

55 Expressed as a fietit|w» critical increment, the Waco^^.iy#/amouat9 to 
1000 calories (in round numbers) for 0 process oceui^ifflrf&^ system in 
the neighborhood of 25\'* l *' *' 
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allow of any conclusion being drawn as to the magnitude of the 
increment or as to whether it varies with temperature or not. 

The very great influence of temperature on the flocculation of 
horse serum at the lower temperature region is considered from a 
statistical standpoint by Chick and Martin. It would seem, 
however, that such statistical considerations applied to intrinsic 
energy relations for an individual process taken to be essentially 
the same in nature at different temperatures would be consistent 
with a constant value for the critical increment” and not with one 
rapidly altering as temperature rises. 

The large value of E at the lower temperature range at first 
sight suggests that denaturation is occurring at that region and 
that in fact we are dealing not with a single process but -with two 
consecutive processes. Chick and Martin, however, state that 
the material was denatured to start with. That such an explana- 
tion based on two processes could not explain the fall in E with 
rise in temperature may also be shown on theoretical grounds. 
Let us suppose that there are two processes A— »B— »C, in which 
A— >B with a velocity constant fa is the slow process, and B— »C 
with velocity constant fa is the faster process- On this basis the 
observed critical, increment over any feasible temperature range 
should be the critical increment of the slower process and should 
not vary with temperature. It is equally useless to assume that 


two simultaneous side processes A<^ 


occur, as it may be shown 


in this case that the critical increment observed should be sen- 
sibly that of the faster process and again would be expected 
to be independent of temperature. If we are to explain the 
variation in I? on the basis of two processes it would seem to be 
necessary to assume the existence of independent processes of 
which the one with the higher critical increment peters out at a 
fairly low temperature. This would be a purely ad hoc assump- 
tion for which there is no evidence at all in the system examined, 


** With E > 20,000 calories, statistical theory shows that over any temperature 
range at which a liquid system could exist as such, the fraction of molecules having 
the necessary critical energy is exceedingly small compared with the total. Con- 
sequently Chick and Martin’s argument does not apply. 
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although the assumption of successive processes giving rise to 
breaks in the log ^-temperature curve has been made in the 
much more complicated case investigated by Crozier and his 
co-workers (73) in connection with the chemical processes under- 
lying certain vital activities in organisms. It would seem neces- 
sary therefore in the protein flocculation case, to revert to the 
concept of a single process and to attempt to account for the 
marked decrease in E as temperature rises by assuming that each 
protein unit itself undergoes some internal change — differing 
completely from denaturation, however — with increase in tem- 
perature, the change being of such a nature that the chemical 
groups — almost certainly the amino and carboxyl groups® 4 — at 
which flocculation may reasonably be regarded as initiating itself 
do not become more numerous but are possessed of a higher 
average energy content than is allowed for in ordinary statistical 
treatment. The suggestion amounts to the assumption that with 
increase in temperature there is not simply an all round increase 
in energy content distributed amongst a fixed number of degrees 
of freedom, but that in the protein unit a rise in temperature 
brings new degrees of freedom into operation. That is, a degree 
of freedom associated with some chemical bond may be in a 
quantized state at the lower temperature region with energy 
content small compared with that demanded on an equipartition 
basis, but on raising the temperature the energy content may 
increase towards the equipartition value. If now we regard the 
energy required to cause a given bimoleeular chemical process to 
occur as being contributed partly by certain degrees of freedom 
within the chemical unit and partly by the kinetic energy of 
collision, as in the well-known theory of Hinshelwood and of 
Fowler (cf. Hinshelwood (74)), it follows that the assumption 
of a variable, as distinct from a fixed, number of degrees of 
freedom, whose energy is available for transfer in this, sense, will 

u The fact that the precipitate can be dissolved by sufficient acid or alkali 
points to this. The attempt was made by Cubin {loc. cit.) m this laboratory to 
confirm this by using formaldehyde in the expectation that thfc flocculation would 
consequently be hindered. A slight hindering effect wasob&erved t>ut the results 
were not as conclusive as had been hoped. 
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modify the effect of temperature upon the chemical process and 
thereby conceivably give rise to an observed critical increment, 
which shall itself be a function of temperature and not independent 
thereof, as would be expected on the basis of a fixed number of 
degrees of freedom. I am indebted to Dr. A. McKeown of this 
Department for working out the consequences of this assumption. 
In brief, the assumption of an increase in effective® 5 degrees of 
freedom with rise in temperature does in fact lead to a decrease 
in the observed or apparent critical increment with rise in tem- 
perature, and by inserting certain numerical values for the 
theoretical or true critical increment,® 6 the number of effective 
degrees of freedom, and the rate of increase in degrees of freedom 
with temperature, an “apparent” critical increment altering 
with temperature in much the same way as that observed by 
Chick and Martin may be obtained. The real drawback to the 
treatment, possibly a fatal drawback, is the high value (>0.1) 
which has to be ascribed to df/dT (the increase in the number of . 
effective degrees of freedom per degree) in order to account for 
apparent (or observed) critical ineremmt,^^ 
found by Cldck'shd Martin, by as much 
rise of m tempemture. 

No conclusion can therefore, be drawn At the present time 
regarding the magnitude of the critical increment of flocculation 
and its apparently high variation with temperature. The prob- 
lem, however, seemed to be of such importance as to justify a 
certain amount of space being given to it in the present 
connection. 

“ The effective degrees of freedom (f) are to be distinguished from the real 
internal degrees of freedom (g), the energy of which is quantized. The number, 
/, iB in fact defined by the relation 

f RT - S E(nT) 

where on the simplest basis 

BWQ - e t ,£_ x 

In general/ will be small whfie# would necessarily be considerably greater. 

may with some confidence be taken as being in the neighborhood of 
2SMJQ0 calories. It is in fact not far from the limiting value obtained by Chick mmI 
Martin at the high temperature region wh^ch they regard as the true value for the 
process. 
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APPENDIX 

Note on the physicochemical behavior of glycine in solution 

On the zwitterion theory, glycine exists in solution at its iso- 
electric point (pH = 6.08) mainly in the form +NH*-CHj- COO - . 
In aqueous solution it is conceivable that electrically charged 
individuals of this kind, although not “free” ions in the ordinary 
sense, could exert a mutual influence analogous to that taken 
account of by the Debye-Hfickel theory of interionic attraction. 
To test whether any such effect is operative a number of deter- 
minations of the lowering of the freezing point were carried out by 
Mr. W. J. Loughlin in the writer's laboratory. If A is the ob- 


TABLE 8 
Glycine in water 


GBAM-MOLES OB 

glycine (M — 75) 
IN 1000 GBAMS 

OB WATER 

APPARENT 

MOLHCTTLAB 

WEIGHT 

# * 
/o “* 

ra 

^ ^ (glycine)* 

™ (digltcinb) 

0.210 

75.35 

0.995 

0.005 

[41.2] 

0.385 

78.05 

0.961 

0.039 

8.4 

0.572 

79.09 

0.948 

0.052 

8,8 

0.765 

80.37 

0.933 

0.067 

8.6 

0.086 

81.92 

0.916 

0.084 

8.1 

1,674 

85.28 

0.880 

0.120 

8.1 

2.176 

86.58 

0,866 

0.134 

8.7 




Mean value m 8.4 


served lowering of freezing point, and A« the theoretical lowering 

*7 ft A 

on the basis of a molecular weight of 75, then ' 0 


apparent molecular weight. Furthermore the rat$D;,| 
osmotic coefficient fo as defined by Bjerrum. 
tamed are given in tab-lefii 
On plotting tile values of (1 — fo) ; 
a curve was obtained which differed gig 
byKCL Thus with E^l the values of 
and then much mo*e slowly with mere 
salt. This change is taken account of 
way by the 


ob- ' 



which. 













152 


W. C. M. LEWIS 


allowance is made for the mean effective diameter of the ions in 
solution and for the thickness of the interionic attraction sphere. 
With glycine, on the other hand, the values of (1 — /o) at first 
remain low, then rise, passing through a point of inflexion with 
increase in content of glycine. It seems reasonable to conclude, 
therefore, that these osmotic abnormalities are not to be ascribed 
to forces of the “interionic attraction” type. It would seem 
justifiable to ascribe the increase in apparent molecular weight to 
actual polymerization, for which a zwitterion structure would be 
expected, on general grounds, to be eminently suited. On this 
basis, if x denotes the fraction of each mole of glycine polymerized 
to the diglycine form, then 


Ao 1 
A 1 — x 

and at a concentration c the mass action expression becomes 

g _ e (1 - 2s)» 

X 

This quantity is given in the final column of table 6. In view of 
the constancy of K there seems little doubt but that polymeriza- 
tion does in fact occur. Thus a 1 M solution is polymerized to 
the extent of 10 pa - cent in round numbers. The existence of this 
polymerization has of course to be allowed for in any measure- 
ments upon the behavior of glycine in solutions of salts before one 
can assert with certainty that union of glycine with the salt 
occurs in solution. 

Although the glycine zwitterions do not exert a detectable 
interionic attraction upon one another — in the sense of the 
Debye-Hiiekel theory — it was of interest to investigate the 
possible influence of a simple electrolyte, sodium chloride, upon 
the behavior of the glycine individuals. To this aid a number of 
determinations of the lowering of the freezing point of solutions 
of glycine in 0.1, 0.2, and 1.0 N NaGl has beai carried out in the 
writer’s laboratory by Mr. A. M. Maiden. Selecting two concen- 
trations of glycine— namely, 0.38 and 0.76 M (M bang taken as 
75 for the purpose of expressing molarity), the following results 
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were obtained. The values obtained with pure water as solvent 
are taken from table 6. It will be observed that there is an in- 
creased osmotic abnormality caused by the presence of the NaCl 
and expressed in the form of an apparent molecular weight. The 
osmotic coefficient of Bjerrum is given in the final column, A 0 
being replaced by A to allow for the fact that even apart from 
NaCl there is an osmotic abnormality (due to polymerization). 
Before attempting even a partial analysis of the above figures it 
is necessary to consider the evidence existing for chemical union 
between one or both of the ions of NaCl with glycine. 


TABLE 7 

Glycine in NaCl solutions 


CONCENTRATION OF NftCl 

APPARENT MOLECULAR WRIGHT 

A'/A mf 0 

Concentration of glycine = 0.38 M (ilf = 75) 

0 

78.05 

1 

0.1 

79.5 

0.98 

0.2 

87.2 

0.90 

1.0 

94.5 

0.83 


Concentration of glycine = 0.76 M (M = 75) 


0 

80.4 

1 

0.1 

82 

0.98 

0.2 

88.7 

0.91 

1.0 

95 

0.85 


Oryng and Pauli (75) have measured by the e.mi. method- 
using the calomel electrode in the presence of gdydne— the in- 
fluence of glycine upon the activity of the Cl - ion in KCL Nat- 
urally the experiment gives no indication as to whether any 
union occurs between K+ ion and glycine. Employing the data 
of Oryng and Pauli, and introducing the data for the activity 
coefficient of Cl- ion, (<*a- = «k + ) in KC1, as green in Lewis 
and Randall’s “Thermodynamics,” we may calculate the con- 
centration of Cl~ in equilibrium with the glycine. - The drfference 
between this “free” Cl~ ion and that obtaming,fcsia% in the 
KC1 solution employed (assuming complete ionisation) will be 
taken as representing the amount of Cl - combined with the 
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glycine. It is convenient to denote glycine by the symbol Gl. 
It is evident from table 8 that the e.m.f. data, particularly at the 
higher range of concentrations of KCl, are not sufficiently reliable 
to permit of any precise calculation. Nevertheless an attempt 
will be made to get at least an approximate idea of the magnitude 
of Ki the equilibrium constant of the process 

GI + Cl - 3=1 Ga- 
in order to estimate the order of the combination effect upon the 


TABLE 8 

Influence of glycine upon the activity of the Cl~ ion in KCl 
1.6 per cent glycine *= 0.2133 M 


INITIAL CONCENTRATION 

OF KCl 

ACTIVITY OF Cl" ION 

IN (KCl + Ql) 

AS OBSERVED BY 
ORYNO AND PAULI 

CONCENTRATION OF 
FREE Cl” ION 

CONCENTRATION 69 
BOUND Cl" “ CONCEN- 
TRATION of GlCl" 

N 

0.65 

0.04346 

0.051 

(negative) 

0.02 

0,01760 

0.0194 

0.0006 

* 0.01 

0.00882 

0.0095 

0.0005 ‘ 

0.005 

0.00413 

0.0044 

0.0006 

0.002 

0.00151 

0.00156 

0.00045 , 

0.001 

0.00071 

0.000724 

0.00028 


freezing point data obtained by Maiden for (greater) concen- 
trations of NaCL Strictly, Ki is defined by 

"aici- 

Kl v „ 

“gi x “ca- 

We shall assume that the activity coefficient of glycine itself is 
identical with that of thh“'g^eine-Cl~ complex. That is, 

C G1 “Cl- 

The values thus obtained are given in table 9. It may be pointed 
put that tiie values of the equilibrium constant of the process 
calculated on the basis of allowing for union with metallic cation 
sinqiltaueously with the Cl~ ion, would necessarily show Stitt 
isiifcer increase with dilution of KCl. 
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With higher concentrations of KCl, viz. 0.1, 0.2 and 1.0 N, it 
is evident that the value of Ki would probably be considerably 
lower than 0.1. Taking this as a maximum value, however, we 
may make an attempt to calculate a maximum value for the 
degree of union of glycine under these conditions. With glycine 
at an initial concentration of 0.38 M, we thus find that in presence 
of 0.1, 0.2, and 1.0 N KC1 the concentration of the resulting 
G1C1~ is 0.003, 0.0056, and 0.023 M. That is, the percentage 
of glycine in the form of the complex is 0.8 per cent, 1.5 per cent 
and 6 per cent respectively. In so far as glycine unites' with one 
of the ions of KCl in a solution of this salt, the depression of 
freezing point caused by the glycine is thus less than it should be, 
and a correction factor has to be introduced to allow for that 
portion of the glycine which has been rendered osmotically in- 

TABLE 9 

Values of the equilibrium constant at different concentrations of KCl 


INITIAL CONCENTRATION OF KCl 



0.052V 0.022V 

0.012V 

o.ooav 

0.0022V 

0.0012V 


— 0.16 

0.266 

0.68 

1.4 

1.9 


active. This correction corresponds to the percentages of the 
total glyoine concentration (0.38 M) already calculated as eotm 
bined with chloride ion in 0.1, 0J, and 1.0 N KCl sohjfiqa 
respectively. This would lead us to expect the values 0.10, 
0.98 and 0.94, respectively, forA'/A in table 7 in place bf \|he 
observed values 0.98, 0.91 and 0.84. Evidently thh^d^btic 
abnormality shown in table , 7 (i.e., the increase, 
polymerization due -tothepresenee of sodium 
ascribed only to a limited' extent to union of j&vipt- 
ion a# Calculated froi$ thfe somewhat unsatirfi^fe^lik^f 
Oryng and Pauli In|aet,if the total obsa^^^^ ^p j^'i^ 
normality as express^! bf. the apparent .94.5 

for ggyafae in "f%$ v wme„ to, be . 

bination of a. ceartai&'IWti^ of the;^m^Tp^p^f|^^’Wmd 
be neeeaMiy'j^^ OiO^.b^^^SP^^'^re'^thus^ 
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combined out of a total of 0.38 moles; in other words, that the 
degree of union Was 17 per cent. While this is, of course, not 
impossible, it is far greater than anything suggested by the 
results of Oryng and Pauli, 

The excess osmotic abnormality due to the presence of NaCl 
could conceivably be ascribed, not to true polymerization nor to 
chemical union with Cl~ ion, but to an interionic attraction effect 
in the sense of Debye and Htickel, exerted by the ions of the salt 
upon the zwitterions of glycine. This possibility has now to be 
considered. 

Treating the excess osmotic abnormality in terms of the Debye- 
Htickel theory, it is necessary in the first place to convert the 
osmotic coefficients fa for glycine recorded in table 7 into the cor- 
responding activity coefficients (a). Since we have shown that 
the osmotic coefficients are sensibly the same for 0.38 M and 
0.76 M glycine, in the presence of sodium chloride, we shall 
take the mean values of these as a starting point and assume that 
the a values in this case are related to fa values in the same way 
in which they are related in the case of ionized KCl. iT This is 
naturally an assumption based solely upon the univalency of the 
charges in the two cases compared. In this way one obtains the 
values of « and of —log a for glycine, recorded in table 10 as 
“obtained from the freezing point data.” To compare this 
result with that of the Debye-Hiickel theory we shall employ the 
expression 

, ** X 0.6 Vs c j-* 

— togj» cl — 

1 + 1.6 VS e v* 

See Cohn and Prentiss (63). 

In this expression a stands for the activity coefficient of the 
glycine zwitterion of valency z in the presence of NaCl, the con- 
centration of either Na + or Cl~ being c, and v, the valency thereof, 
being unity. Setting z = 1 it follows that 

, 0.5 VzH 

— logio a — — — 

1 + 1.5 V2 t 

* T For this case at the fairly high concentration range here considered the 
purely empirical relation /o — "Vol was used for purposes of computation. The 

same relation holds very approximately for cane sugar in solution. 
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The values of — log™ a are likewise included in table 10. From 
the degree of agreement exhibited between “calculated” and 
“observed” values of — log™ a, it is practically impossible to 
decide whether interionic action plays any appreciable part or 
not. 28 If the value of — ; logi 0 a obtained for glycine at the lower 
concentration of salt be regarded as definitely disproving the 
applicability of interionic attraction, we would be forced to regard 
the apparently high molecular weights of glycine in the presence 
of salt as indicating, in fact, increased polymerization. No 
decision on this important question is possible until further 
experimental data are available, especially in the region of low 
salt content. 


TABLE 10 


Activity coefficients of glycine in the presence of NaCl 


CONCENTRATION 

of NaCl 

MEAN OSMOTIC 
COEFFICIENT, /o, 
OF GLTCXNB 

MEAN VALUE OF Ct 

‘‘FROM freezing 

POINT DATA” 

-log,,- 

(FROM PREVIOUS 
COLUMN) 

- lo *io“ 
(DEBYE AND 
HttOKEL THEORY) 

0 

1 

1 

0 

0 

0.1 


0.94 

0.024 

0.134 

0.2 


0.75 

0.123 

0.162 

1.0 

0.84 

0.59 

0.227 

0.230 


Similar inconclusiveness exists in connection with the attempt 
to calculate the influence of salts upon the solubility of glycine. 
Taking Pfeiffer’s data (42), which refer to salt concentrations of 

8 

the order of 0.5 to 1.0 ilf , we find that log io = 0.0342, where 

So stands for the solubility of glycine in water and S for its solu- 
bility in 0.97 M LiCl. On the theory of interionic action we i 
would expect this quantity to be very much greater— namely, 
0.225, Similarly for 0.57 M CaCl 8 , the observed value of 

* 8 ti allowance were madeincolmnn 2 of table 10 for the fraction of glycine 
combined with Q~, the mean osmotic coefficients for the''fe 5 eop^tte would not 
have fallen so rapidly as the values of column 2 indicate*/*,^ <* 

values obtained therefrom would likewise not fall so the value 

~log*o« obtained from them.in turn would rise less rabidly* thao the values given 
in column 4, This would moan that the discrepancies between columns 4 and 
5 would be slightly greater than they appear to be in the.tip^u' 
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logic's" is 0.092, the calculated value being 0.245. In neither 

case has any allowance been made for union of Cl" ion with the 
glycine. Also no allowance has been made for the change in 
dielectric capacity of the saturated solution which, owing to the 
enormous solubility of glycine in water, may well be considerable, 
in view of Furth’s observation (76) that glycine solutions possess 
a greater dielectric capacity than water itself. Thus, with a 
glycine content of 16.6 weight per cent, the dielectric capacity D 
attains an apparently asymptotic value of 93.0 instead of 80.5, the 
value taken by Flirth for pure water. The factor 0.5, which 
appears in the numerator of the Debye-Hiickel expression 
already employed, contains 1/D*. The denominator term 1.5 
contains 1/D*. Neglecting the effect of the latter, it follows 

S 

that the calculated value of log i 0 ^ would become 0.180, instead 

of 0.225, for a solution of glycine containing 0.97 M LiCl. This 
is still vastly greater than the observed value 0.0342. 

Finally, it is of interest to see what effect is produced upon the 
osmotic coef&efeat of glycine when sucrose is added to the solu- 
tion, especially in view of the fact that sucrose diminishes the 
dielectric capacity. Thus Fiirth (in agreement with others) 
finds that the dielectric capacity of molar sucrose solution is 63 
(water = 80.5). Using a 1 M solution of sucrose as the solvent, 
Maiden, in the writer’s laboratory, has measured the depression 
of freezing point produced by the addition of different amounts of 
glycine. The volume concentrations of glycine varied between 
0.23 and 0.96 Hf. In computing the actual mass concentrations, 
it is necessary to refer' ifcgua$ass of glycine to a certain mass of 
water. An ambiguity arises, as to whether or not allowance 
should be made for the Water, crfhydration of sucrose (6 moles of 
water per mole of sucrose). , On general grounds one would 
expect that the water bbund b? the sucrose would be unavailable 
• as solvent for the glycine* results erf both methods of com- 
putation are given in table 11. A further point arises as to the 
.eon-Cct value to assume for the theoretical molecular depression 
A*. 'Fctt 1 water this is taken 'aS l.86°. For molar sucrose the 
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value obtained by plotting the molecular depression of sucrose 
against concentration in solutions of sucrose alone in water is 
2.103°. Results are recorded on the basis of both. 

Table 11 contains sets of values for the apparent molecular 
weight. The second column gives the value of M calculated on 
the basis A 0 = 1.86, the total water in the solution being regarded 
as solvent; similarly for the fourth column. The third column 
gives the value of M on the basis A 0 = 1.86, the effective solvent 
being total water less the amount bound by the sugar; similarly 
for the fifth column. The point is whether these relatively high 
values for M in the presence of sucrose represent real polymeriza- 
tion in excess of that in water alone (shown in the last column of 


TABLE U 

Apparent molecular weight of glycine in 1.0 M sucrose solution 


GLYCINE, 
VOLUME CONCEN- 
TRATION, 
MOLBS/LXTBR 07 
SOLUTION 



m 

M CALCULATED 
ON THE BASIS 
OP Ao " 2.108 

w Free 

M 07 QLYCINB 
IN WATER 

0.233 

82. 4 

95.6 

93.4 

108 

75.8 

0.470 

82.5 

95.7 

93.5 

108 

78.5 . 

0.483 

82.9 

96.2 

94.0 

109 

78.7 

0.70 

84.9 

98.6 

96.2 

111 


. 0.72 

84.3 

97. S 

95.5 

111 


0.96 

84.6 

98.2 , 

95.9 

111 

81.9 


table 11), an effect which would, on general grounds, befayored 
by the decreased dielectric coolant, or whether, quite ap^'.lrom.' 
polymerization, the activity ol the glycine has been 
by -combination with suerose or otherwise to the 
Seritedhy the figures. shall consider first then^^^^ of 


lie ipiost direct way of tearing this would be 3 
(xmsta# ^ riie assumed po) 
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The quantity x is given by ( M — Mo)/M, where M is the appar- 
ent molecular weight, c is taken as the number of moles (Mo =* 
75) of glycine per liter of solution. Naturally the values of K' 
differ according to the basis of calculation employed for M, as 
shown in table 11. On calculating the values of K' it is found in 
dll cases that K' apparently increases approximately three-fold as 
the volume concentration of glycine is increased from 0.233 to 
0.96 moles per liter. For this reason it is not thought worth 
while to record the actual values obtained for K'. It follows that 
the concentration of diglycine does not increase sufficiently 
rapidly with increase in total glycine. In other words, to obtain 
a constant value for K' the apparent molecular weights should 
have increased with concentration more rapidly than they have 
been observed to do. Incidentally, the assumption of the union 
of an appreciable amount of the glycine with sucrose (considered 
below), could not account for the observed molecular weight 
being too low, since obviously any such union would tend to give 
fictitiously large molecular weights. It would seem, therefore, 
that the conclusion to be drawn is that the osmotic abnormality 
exhibited by glycine in the presence of sucrose is not to be attrib- 
uted to further polymerization. We are left therefore with the 
alternative — namely, that the activity coefficient of glycine may 
be diminished owing to the presence of the sucrose. It would be 
natural to ascribe this in the first place to union of sucrose with 
glycine. 

On this basis the extent of union has been calculated from the 
data of table 11, postulating the simplest type of complex — 
namely, one molecule of glycine with one molecule of sucrose. 
The corresponding dissociation constants of the complex have 
likewise been calculated. Naturally; different extents of union 
are obtained according to the column of table 11 chosen. In all 
four series, however, roughly eonstap$ values for the dissociation 
constant are obtained, the values obtained on the basis of A« = 
1.86, WTntai being the least satisfactory. No distinction can be 
drawn as between the columns 3, 4, or 5 of table ll. A more 
extensive series of measurements would be required. It may be 
of interest to record the values thus obtained for the extent of 
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association of glycine with sucrose when 0.6 mole of glycine is 
present in a 1.0 M sucrose solution. The degrees of association 
amount to 6 per cent, 18 per cent, 16 per cent and 27 per cent 
according as the data of columns 2, 3, 4, or 5 of table 11 are 
employed for the calculation. None of these values is inherently 
improbable. 

Mr. W. J. Shutt of this Department has determined the solu- 
bility of glycine in water and in 1.0 M sucrose, respectively, 
at 0°C. The analytical method involved formol titration of the 
weighed sample, using 0.1727 N NaOH, and phenolphthalein. 
The solubility in water was found to be 14.20 grams of glycine per 
100 grams of water. In the presence of 1.0 M sucrose the solu- 
bility 88 was found to be 9.90 grams per 100 grams of sugar + 
water. Since the density of the sugar solution is 1.131, the solu- 
bility may be expressed as 14.19 grams per 100 grams of total 
water. If all the water present were regarded as available solvent, 
one would conclude that the sucrose has no effect at all upon 
the activity coefficient of glycine. On the more probable assump- 
tion that only part of the water is available, it follows that there 
is a real increase in solubility, that is, a decrease in the activity 
coefficient of glycine, due to the sucrose either as an environ- 
mental effect or due to complex formation. This may be ex- 
pressed quantitatively on the basis that the sucrose holds 6 mole- 
cules of water per molecule of sugar, this quantity of water being 
unavailable as solvent. We thus calculate that the solubility of 
glycine, in the presence of 1.0. Af sucrose, is 16.4 grams per 100 
grams of “free” water. Hence the activity coefficient, «, of 
glycine in the presence of the sucrose, relative to its value in 
water, is 14.2/16.4 or 0.866. Assuming that this . value would 
hold for any concentration qf glycine in the presence of sucrose, 
and employing the empirical relation / 0 = -ifa we obtain for /», 
the osmotic coefficient of ^ejne in the presence of niolar suerose, 
the value 0.954. The apparent molecular weighfc itt th© presence 
of sucrose would therefore be expected to be the observed value in 
water (corresponding to the concentration of glycineemployed) 
divided by /a. Hence for concentrations 0.470 and 0.72 M, 

19 The solid phase was pure glycine. , * 
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respectively, the apparent molecular weights should be 82.3 and 
84.1. (The corresponding values in water are 78.5 and 80.2.) 
Although these are close to the results given in the first column of 
table 11, it would be unsafe and indeed illogical, to assume that 
this column rather than the remaining ones was to be preferred, 
in view of the approximate nature of the empirical relation used to 
, connect a with/ e , and also in view of the assumption regarding the 
applicability of the a value, obtained from solubility data, to the 
region of more dilute glycine solutions. Owing to the absence of 
data it is impossible at the present time to carry out a more 
satisfactory analysis of the osmotic behavior of glycine in the 
presence of sucrose. 

The behavior of glycine in solution outlined in this Appendix, 
and the general inconclusiveness which exists at the present time 
regarding many aspects of its behavior may at least serve to indi- 
cate how much still remains to be done before a quantitative 
treatment of the behavior of protein solutions in terms of activity 
and interionic attraction can be effected. 

Addendum 

Since the above account was written a paper by M. Frankel 
(77) has appeared upon molecular weight determinataohs (boiling 
point as well as freezing point) for a number of amino acids in 
water, — in the absence of salts. Frankel finds that association is 
exhibited by glycine, Z-asparagin, d-arginine, and d-dioxyphenyl- 
alanine. On the other hand, d-, Z-, and dZ-alanine have a normal 
molecular weight, ha the case of glycine, the most concentrated 
solution employed contained 1.809 moles per 1000 grams of water. 
At this concentration the rpc^ecular weight was found by Frankel 
to be 88.3, which issomewbat higher than the value obtained in 
the writer’s laboratory— namely, 85.3 at a concentration of 1.674, 
moles per 1000 grams of water, and 86.6 at a concentration 
of 2.176 moles. More recently still, a paper by Borsook and 
MafeFadyen (78) has appeared dealing with “The effect of iso- 
^^feie amino acids on the pH of a phosphate buffer solution,” 
V;,iii.;:^hi^''the relative merits of the “classical” and zwitterion 
Conceptions of amino acids are discussed. The importance of 
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dielectric capacity measurements is pointed out, as has likewise 
been done independently in the present paper. 


Summary of appendix 


1. From freezing point data it is shown that glycine in water 
is polymerized, to the extent of 10 per cent (in round numbers) in 
a 1.0 M solution. Apparently the glycine zwitterions do not 
exert an appreciable “interionic attraction” upon one another. 

2. In the presence of sodium chloride, there is an increased 
osmotic abnormality. It is shown that the extent of union of 
glycine with chloride ion is probably too small to account for 
more than a part of this abnormality. Evidence is also afforded 
that the effect is not due to increased polymerization. On ascrib- 
ing the effect to interionic attraction the results obtained are incon- 
clusive, especially in the region of low sodium chloride content. 

3. In the presence of sucrose the freezing point data indicate 
osmotic abnormality in the sense of an increase in the apparent 
molecular weight. From an analysis of the results it is concluded 
that further polymerization does not occur, but that the effect is to 
be referred to a decrease in the activity coefficient of glycine due 
to the presence of the sucrose and probably due to complex 
formation. This is confirmed by solubility determinations in 
so far as this procedure is justifiable. 


In conclusion the writer , wishes to express his very great 
indebtedness to Ms coEeagues 35r. lt, 0. Griffith, Mr. W. J. Shut!, 
and Dr. A. MeKeown fot thekbelpful criticisms and suggestions ' 
In connection with a mimber j^t the points considered 
cussed M the above article. ' . .. 
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Any survey of chemical literature impresses the reader again 
with the fact, long recognized, that water is indeed the “universal 
solvent.” As Conant says, “Much important chemistry has 
been obscured by our slavish devotion to water.” Of the work 
on non-aqueous solvents, the major part has had to do with the 
physical constants, to the neglect of the nature and type of the 
reactions and the products formed. It has become increasingly 
evident, however, that a sound understanding of both the chem- 
istry and the physics of these solutions is. essential to a basic 
and more inclusive knowledge of chemistry. 


After the successful application of the ideas of Arrhenius to 
electrolytic dissociation in aqueous sections, it appeared 'xjbf&spfc. 
able that the results obtainable with other solvents shmldi. jfw 
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stants approaching that of water, the conductance varies with 
concentration in a way analogous to that observed in aqueous 
solutions. This is particularly true of ammonia and the amines. 
In other cases the conductance decreases with increasing con- 
centration and becomes constant at high concentrations. When 
the solvent has a very low dielectric constant, the conductance 
increases with concentration until the solution is about molar 
and then begins to decrease. It is generally stated that the 
value of Am is greater in aliphatic than in aromatic solutions 
of the same type. In the case of alcoholic solutions the results 
obtained are more or less similar to the results obtained with 
water solutions, and diverge with the increasing complexity of 
the alkyl group. Numerous measurements have been made in 
formic acid, acetic acid, ammonia and the amines. Liquid halo- 
gens, halogen hydrides, glycerol, benzene, chloroform, hydrogen 
peroxide, sulphur dioxide, aluminum bromide, sulfuric acid, 
hydrocyanic acid and many other non-aqueous solvents have been 
examined. 

The classical researches are those of Walden, who examined a 
large number of substances. Many attempts have been made, 
particularly by Kraus and Walden, to reconcile the data obtained 
with the classical dilution laws; the success of these attempts is 
questionable. 

The temperature coefficient of conductivity in non-aqueous 
solutions is again a function that does not conform to classical 
laws. In some work done in this laboratory it was found that 
for the alkyl magnesium bromides in ether solution the equiv- 
alent conductivity increases with temperature between 20° and 
—10°, while for phenyl magnesium bromide in the same range 
it passes through a maximum. 

The dielectric constant of many solvents is known at present 
with considerable accuracy. The Nernst-Thompson rule re- 
lating ionizing power to dielectric constant has been broadly 
confirmed by experiment. However, we have discovered in 
recent years other influences promoting ionization, and these 
appear most markedly when the dielectric constant is small. 
The dielectric constants of hydrogen bromide and hydrogen 
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iodide, for example, are low, yet these solvents give excellent 
conducting media with certain organic acids. 

Originally the assumption was made that all reactions are 
ionic. The curious arrest of many reactions in carefully dried 
solutions lent support to this generalization. Careful experi- 
ments, however, have shown that reactions can take place in 
non-aqueous solutions that show no conductance. The question 
of the application of the mass action law to non-aqueous solutions 
has been studied in detail. In some cases where the solvent is 
water-like, Ostwald’s dilution law is followed. Concentrated 
solutions of ammonium formate in anhydrous formic acid obey 
the law. In other cases the Rudolphi dilution law is followed. 
The equation of Kraus and Bray has been applied to non-aqueous 
solutions with some success. In many solutions in ammonia 
the mass action law holds good, and the smaller the ionization 
the higher the concentration to which the law is applicable. 

Little accurate work is on hand relative to the solvated com- 
pounds formed when various salts are dissolved in different 
solvents. Transport numbers in solvents other than water have 
been determined, but little work has been done here. This 
field would possibly give us much information as to the type of 
ionization and the compounds formed. Electrolysis can be 
carried out in non-aqueous solvents and the results have both 
scientific and practical value, yet this is a phase of chemistry 
that until recently has been almost entirely neglected. 

Such is the present situation so far as the physical aspects 
of non-aqueous solutions are concerned. If we are to free our- 
selves from our thralldom to water and enlarge our conception 
of chemistry, some detailed study of the chemical reactions 
taking place in non-aqueous media is required. In such a 
study the nature of the solvent cannot be neglected, as was for- 
merly done in the study of aqueous solutions. 

In recent years many new and brilliant workers have entered 
this field, stimulated, no doubt, by the newer theoretical con- 
siderations and the successful application of interionic attraction 
theories to strong electrolytes in aqueous solution. It was 
entirely impossible to reconcile strong electrolytes with van’t 
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Hoff's law of dilute solutions or to the classical mass action law; 
therefore the original theory has had to be revised. Some of 
the difficulties have been overcome by considering strong elec- 
trolytes as completely ionized and ass umin g that the electrical 
forces between the ions account quantitatively for the observed 
deviations. By far the most successful, although certainly not 
the first of these interionic theories, we owe to Debye and Hiickel. 
They showed that it was possible to explain in a purely theoret- 
ical manner the change in the activity coefficient of ions with 
concentration. This change can be represented by a square 
root law when the solution is dilute enough to be regarded as 
completely ionized. This theory, applied recently to non-aqueous 
solutions, is promising. We have learned that the ionizing power 
does not depend entirely on the dielectric constant, but that 
other factors are perhaps more important. We find that we can 
classify solvents in four groups : acid solvents such as hydrofluoric 
add; basic solvents like ammonia; amphiprotic solvents such as 
water; and aprotic solvents such as benzene. 

One of the main contributions to the chemistry of non-aqueous 
solvents, certainly from a scientific point of view, has been the 
enlarging of our conception of acids and bases. Kraus and 
Franklin have defined acids and bases in an ammonia system. 
Conant, Hall and Davidson in their work on acetic acid have 
defined an acid and a base in an acid medium, while Bronsted 
has perhaps formulated the best definition of these substances 
for all solvents. 

Hall’s excellent paper reviews the efforts made to formulate a 
general definition of an acid and a base. The various methods 
of obtaining quantitative data on acidity in various solvents are 
discussed, and the discrepancies in acid strength, as obtained by 
the different methods, are pointed out. Definite conclusions 
have been drawn regarding the r 61 es played by the acidic and 
basic groups in general. Reactions catalyzed by hydrogen ion 
are catalyzed by all acid molecules. Likewise all basic molecules 
have the same properties. The possibility of reducing acidity 
data, when various solvents are considered, to a quantitative 
basis seems remote. The establishment of a definite acidity 
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scale is doubtless the goal of this work but if, as Taylor has 
pointed out, electric potential difference in different solvents is 
without meaning, we are still a long way from this “absolute 
activity.” 

Davidson points out that our knowledge of the chemistry of 
acetic acid is quite recent. Although acetic acid is an excellent 
solvent and is easy to investigate, for years its chemistry was a 
mystery. He finds that metathetical reactions in this solvent 
parallel those in water solutions to a great extent in spite of a 
very different dielectric constant. The main difference is in 
the solubility relations. Many substances quite soluble in 
water are insoluble in acetic acid. Acids such as perchloric, 
sulfuric and hydrochloric are shown to be strongly acid in acetic 
acid, while the metal acetates are bases and can be used to ti- 
trate the acids. The acetate ion in this case shows an avidity 
for the proton similar to that exhibited by hydroxyl ion. The 
hydrogen ion activity at the neutral point is, of course, vastly 
different from a similar neutral point in water solution. The 
solubility of bases in different solvents varies greatly, just as 
does that of the metallic bases in water. For example, there is 
extreme variation in the solubility of the metallic acetates in 
acetic acid, the acid sulfates in sulfuric acid and the fluorides 
in hydrofluoric acid. An exception is the case of the metallic 
sulfides which (excepting NHJSS) are insoluble in liquid hydrogen 
sulfide. 

Ammonia in acetic acid solution exhibits strong basic proper- 
ties, whereas ammonia in water does not. This is no doubt due 
to the instability of NHjH 2 0 and the weak basic nature of water, 
incapable of uniting with proton. Davidson’s work points to 
an explanation of the weak basic nature of water in terms of the 
instability of oxonium acetate. The formation of sodium zin- 
cate when zinc hydroxide is treated with excess of base has a 
perfect analog in the compound formed when excess sodium 
acetate is added to precipitated zinc acetate in acetic acid. 
Copper acetate likewise seems to be amphoteric. 

Another neglected acid solvent is hydrogen fluoride, similar 
to water in its dielectric constant but vastly different in most 
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other particulars. The alkaline hydroxides and the alkaline 
earth hydroxides in this solvent increase in solubility with molec- 
ular weight, which is analogous to the behavior of similar 
compounds in water; but in other respects the solvent does not 
parallel water. Simons has used the acceptor theory of Sedg- 
wick, coupled with the strong acid nature of the solvent, to 
explain the abnormalities encountered in hydrofluoric acid 
solutions of salts, acids and alcohols. In the light of the theory 
here reviewed solvents can be classified according to their ability 
to accept protons. A strong base accordingly represents one 
extreme, with hydrofluoric acid at the other extreme, and water 
intermediate between them. Water would give up protons to 
ammonia but accept them from hydrofluoric acid, forming an 
oxonium ion. Hydrochloric acid would give up protons to both 
ammonia and water but not to hydrofluoric acid, while acetic 
acid, which is a weaker acid in water, would give up protons to 
ammonia and water but receive them from hydrofluoric acid. 
In this solution it would be basic; thus it is evident that the 
properties of a polar solvent depend not only upon its dielectric 
constant but also upon its donor and acceptor powers. 

Hydrogen sulfide as a potential solvent is placed between 
water and acetic acid. Its conductance is about 20,000 times 
less than that of pure water. Most substances give poorly 
conducting solutions in this solvent. Some substances that are 
hydrolyzed in water and soluble in liquid hydrogen sulfide are 
not thiohydrolyzed. No explanation is advanced for this fact, 
although many esters hydrolyzed in water form analogous sulfur 
compounds in liquid hydrogen sulfide. 

Ammonia solutions have been well studied by numerous 
workers. Kraus discusses liquid ammonia as a medium for 
reduction reactions. Ammonia and the amines are unique in 
their power to dissolve alkali metals. The metals behave as 
salts, giving, as the negative ion, the electron which is very active 
chemically. We have in these metallic solutions the strongest 
type of reducing media. Since water solutions cannot contain a 
stranger reducing agent than hydrogen, the realm of strong re- 
duction has remained heretofore unexplored. Its investigation 
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shows many spectacular results. When a salt is added to these 
metallic solutions, rich in an ammoniated electron, the reaction 
direction depends on the insolubility of possible reaction products, 
as well as on the position of the metals in the electromotive 
series. Here magnesium and aluminum reduce sodium. Me- 
tallic alloys of an alkali and an amphoteric metal change to poly- 
salts that are very soluble and excellent conductors. Positive 
radicals become free radicals and are then reduced. Metallic 
and electrolytic conductance exist in the same solution. From 
the many new types of compounds that appear, it seems that we 
have veritably discovered a new chemistry. 

The application of the Debye-Hiickel interionic electrical 
force theory to non-aqueous solutions is still in the early empirical 
stage. Probably the best way to attack this problem would be 
by testing the activities of various types of salts in water-like 
solvents such as the alcohols. Williams has made such tests 
and finds that the difference between water and alcohol as sol- 
vents is one of degree only. The data, however, reveal the 
inadequacy of the two premises of Debye and Hiickel when 
applied to non-aqueous solvents. Williams indicates the nature 
of additional assumptions necessary to reconcile experiment and 
theory. 

Williams also discusses the application to conductance of the 
Debye-Hiickel theory, as modified by Onsager, showing that 
it can be applied to non-aqueous solutions just as the activity 
theory was applied, but with less exact results. Deviations 
from this theory are found in even the simplest types of electro- 
lytes in dilute solutions of methyl alcohol. The results demon- 
strate the same inadequacies in the assumptions underlying the 
conductance theory as were found in the activity theory and 
are to be accounted for chiefly by association and solvation. 
In effect they limit the applicability of the square root law 
to the expression of interionic forces. This association also 
renders it impossible to account for changes in conductance 
with concentration through changes in ionic mobilities. 

Scatchard reviews the different theories of mon-electrolytic 
solutions. He then proposes a modification of Hildebrand’s 
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treatment for use quantitatively. The properties of liquid 
mixtures can be calculated from certain general assumptions 
and it is shown that the theory is capable of rather broad 
application. 

Audrieth’s paper criticizes the lack of work done on electro- 
lytic deposition in non-aqueous solutions. He reviews the work 
that has been done in this field with various solvents and points 
to the need of a generalization for predicting the solvent to be 
employed in the electrolysis of any given element. 
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I. ACETIC ACID AS A SOLVENT FOR ELECTROLYTES 

Acetic acid has been familiar to chemists for so long a time, is 
so readily obtainable in a pure state, and is a liquid over so wide 
and convenient a range of temperature (16.6° to 118°), that it 
seems strange that its properties as a solvent for inorganic sub- 
stances should have remained, until recently, so little known. 
But when Raoult (1), in 1884, made a study of freezing point 
depressions in this solvent, he limited himself almost entirely to 
organic solutes, and Beckmann (2), reporting its ebullioscopic 
behavior twenty-three years later, made the statement that 
acetic acid was not a very suitable solvent for inorganic sub- 
stances. Whether or not it was these precedents that acted as a 
deterrent to further investigation, it is, of course, impossible to 
determine; it is a fact, however, that data concerning the solu- 
bilities and reactions of electrolytes in acetic acid remained, for 
many years, meager and unorganized. Several addition com- 
pounds were reported, a few solubilities were determined, and 
conductivity measurements were made on solutions of the alkali 
acetates and of several other salts; much of this data was com- 
piled by Walden, in 1924, in his “Elektrochemie Niehtwassriger 
Ldsungen” (3). 

Within the last few years, interest in this solvent appears to 
have revived. In 1926, Webb (4), using the freezing point 
method, studied the activity coefficients of several salts in acetic 
acid solution, and in the following year Hall and Conant (5), 
using an electrometric method for the determination of hydrogen 
ion activity, showed how the properties of acids and bases in 
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glacial acetic acid might be studied in a very thorough and 
interesting manner. Selected references to work in this field up 
to 1928 were given in the first paper of a series by the present 
writer (6) ; in this paper, also, there were reported the results of 
preliminary experiments, of a qualitative nature, on the solubili- 
ties of salts in anhydrous acetic acid. It immediately became 
evident, not only that this liquid was capable of dissolving a 
much larger number of salts than had been previously supposed, 
but also that the chemical properties of these salt solutions were 
of sufficient variety and interest to repay further study. With- 
out undertaking to give a complete list of soluble salts, it may be 
stated that these include not only many of the acetates (which 
are to be regarded as bases in acetic acid, as will be shown later), 
but a large number of nitrates, halides (particularly iodides), 
cyanides and thiocyanates as well; in many cases, stable solvates 
have been isolated in the solid state from these solutions. When 
to this list are added water, ammonia, and some of the common 
acids, such as perchloric, sulfuric, hydrochloric, orthophosphoric, 
and hydrogen sulfide, all of which are readily soluble in acetic 
acid, it is clear that we have at our disposal a group of acids, 
bases and salts large and varied enough to enable us to acquire 
at least a general idea of the chemistry of acetic acid solutions. 

n. METATHETIC REACTIONS OP SALTS, ACIDS AND BASES IN ACETIC 

ACID AS SOLVENT 

The early conductivity measurements on salts in acetic acid 
solution, together with the freezing point determinations of Webb 
and the electrode potential measurements of Hall and Conant, 
leave no room for doubt that, in spite of its rather low dielectric 
constant (about 6 at 25°), typical acids, bases and salts are dis- 
sociated into ions in this medium. That the dissociation can 
hardly be regarded as complete (or that the effect of interionic 
attraction must be large) is a point which need not concern us 
here. We should expect, therefore, that ordinary metathetical 
reactions would proceed smoothly in acetic acid. Esperiment 
showed (6) that such reactions do take place, in many cases as 
readily as in water, with the formation of slightly soluble or un- 
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dissociated substances. It appears that practically all salts that 
are difficultly soluble in water are insoluble in acetic acid also . 1 
In accordance with this rule, it was found, for instance, that solu- 
tions of soluble salts of the heavy metals gave immediate precipi- 
tates upon the introduction of hydrogen sulfide gas; some of the 
sulfides so precipitated dissolved readily in a dilute solution of 
hydrogen chloride. (No sulfide precipitates were obtained, how- 
ever, with salts of the alkali or alkaline earth metals, or of alumi- 
num.) Similarly, a solution of silver nitrate readily yielded pre- 
cipitates with solutions of soluble chlorides, bromides, iodides, 
cyanides or thiocyanates, and zinc chloride with a solution of 
sodium oxalate or of orthophosphoric acid, just as in aqueous 
solution. It would serve no purpose to extend this list further. 

On the other hand, a number of salts which are easily soluble 
in water are practically insoluble in acetic acid. The most 
familiar group of salts in this class are the sulfates of the metals, 
all of which, even those of the alkalies, are difficulty soluble in 
acetic acid. Using a solution of anhydrous sulfuric acid in acetic 
acid as the precipitant, a sulfate or an acid sulfate can be precipi- 
tated from a solution of almost any soluble metal salt. The 
acetates of many of the less positive metals are insoluble, and 
can be precipitated from solutions of soluble salts by the addition 
of sodium acetate. And as a final example of a reaction which 
has no close parallel in aqueous solution it may be mentioned 
that barium nitrate is sufficiently insoluble to be precipitated 
upon mixing solutions of sodium nitrate and barium iodide. 

Certain salts which are known to be only slightly dissociated 
in aqueous solution give evidence of but slight dissociation in 
acetic acid also. Thus the very deeply colored ferric thiocyanate 
is just as readily formed by metathesis in acetic acid as in water. 
Antimony trichloride and stannic chloride (if the latter may be 
called a salt) give no precipitates with sulfuric acid or with 
silver nitrate, presumably due to their being almost undissociated. 
It may be mentioned here that on mixing stannic chloride and 
acetic acid, an unparalleled increase in viscosity is observed, the 

1 Mercuric iodide, which is fairly soluble in acetic acid, constitutes the only 
exception to this rule which has so far been observed. 
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mixture being enormously more viscous than either component 
in the pure state. This phenomenon has been studied quantitar 
tively by Stranathan and Strong (7), and a solid solvate of stannic 
chloride has been isolated from such a mixture by the writer (8). 

The most interesting group of metathetical reactions, however, 
consists of those which, while not identical with reactions in 
aqueous solution, are found to be entirely analogous to them when 
the nature of the medium is taken into consideration. Outstand- 
ing examples of acetic acid analogs of phenomena familiar in 
aqueous solution are to be found in reactions involving acids and 
bases. The general concepts of acidity and basicity have been 
the subject of much discussion within the last few years (9) and 
need not be considered at length here. In considering acetic acid 
solutions, we may safely follow Hall and Conant (5), who employ 
hydrogen ion activity as the criterion of acidity. These authors 
showed that, on this basis, the familiar acids such as perchloric, 
sulfuric and hydrochloric have strongly acid properties in acetic 
acid also. On the other hand, the purely formal analogy between 
the metal acetates, MC 2 H 3 O 2 , in acetic acid, HC 2 H 3 O 2 , and the 
hydroxides, MOH, in water, HOH, is immediately obvious, and 
might be interpreted as an indication that the metal acetates are 
bases in the acetic acid system of compounds, just as the metal 
hydroxides are bases in the water system, or the metal amides in 
ammonia (10). A formal resemblance of this nature, as Walden 
(11) has pointed out, is hardly sufficient justification for classify- 
ing the substances in question as bases; some real evidence of 
their basic function is required also. Such evidence was again 
supplied by Hall and Conant, who showed that sodium acetate 
(as well as a large number of organic compounds of a basic nature) 
does indeed decrease hydrogen ion activity when added to acetic 
acid solutions, and is therefore actually a base in this solvent. 
Hall and Werner (12) carried out the electrometric titration of 
sodium acetate with acids in acetic acid solution, and Hall (13) 
has found that the acetates of the other alkali metals behave in a 
similar manner. Expressing these facts in terms of Bronsted’s 
conception of acids and bases (14), we might say that in all these 
cases the actual base is the acetate ion, which shows an avidity 
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for the hydrogen ion, or proton, similar to that exhibited by the 
hydroxyl ion. 

The process of neutralization, then, takes place readily in acetic 
acid solutions, and follows the course illustrated by the equation 

NaCjHjOj + HC1 = HC 2 H,Oj + NaCl. 

Since pure acetic acid is probably only very slightly dissociated 
into ions, its specific conductivity being even smaller than that of 
water, we may write this in the ionic form (neglecting, as we 
commonly do in the case of reactions in aqueous solution, the 
solvation of the ions), as follows: 

Na+ + CsHaOr + H+ + Cl~ - HC 2 H,0 2 + Na+ + Cl~ 

The occurrence of reactions of this type can be observed in 
various ways besides the electrometric method which has already 
been mentioned. It is perfectly practicable to follow the course 
of the neutralization by means of indicators (15, 16, 17) . It must 
be noted, however, that the hydrogen ion activity at the “neu- 
tral” point in acetic acid is far higher than in water, correspond- 
ing, according to Hall (13), to a pH value in the neighborhood of 
zero; so that, for the titration of a strong acid with a strong base 
in acetic acid, an indicator showing a color change in this region 
(such as crystal violet, methylene blue or picric acid, to mention 
only a few) would have to be employed, those commonly used 
for similar titrations in aqueous solution being entirely unsuitable. 

Still another means of observing these neutralization reactions 
is, of course, available in the event of a marked difference in 
solubility between the salt produced and one or both of the react- 
ants. Thus the neutralization of sodium acetate by hydrochloric 
acid is accompanied by the precipitation of sodium chloride. 
On the other hand, the very insoluble zinc acetate readily dis- 
solves upon the addition of a solution of hydrogen chloride, just 
as zinc hydroxide dissolves in aqueous hydrochloric acid; while 
hydroferrocyanic acid, difficulty soluble in acetic acid, dissolves 
fairly readily in sodium acetate solution. 

Further examples of acetic acid analogs of reactions familiar 
in aqueous solution will be given later. 
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IH. SOLUBILITIES OP ACETATES IN ACETIC ACID 

As was pointed out in tlie preceding section, the metal acetates 
are the analogs in acetic acid of the metal hydroxides in water. 
Now, one of the most conspicuous features of the group of hy- 
droxides, in relation to the solvent water, is the enormous varia- 
tion in solubility from the extremely soluble alkalies, at one end 
of the scale, to the very insoluble aluminum and ferric hydroxides, 
at the other. Kendall and coworkers (18, 19, 20) have shown 
that such variation, far from being peculiar to aqueous solutions, 

TABLE 1 


Solubility of acetates in acetic acid 


METAL 

SOLVATES ISOLATED 

SOLUBILITY, 
MOLE PEE CENT 

AT 25° 

MOLES OF 
ACETIC ACID 
PER MOLE 
OF ACETATE 
IN SOLID 
PHASE 

K 

KC 2 H 8 0 2 -2HC2H 8 0 2 , KCiH,0.-HC«H*0* 

12.29 

2 

Na 

NaC 2 H 3 0 2 *2HC 2 H 8 0 2 , NaC 2 H 8 0 2 - HC 2 H 8 0 2 

7.06 

2 

Li 

LiCsBEiOg * HCsHaOs 

9.37 

1 

Ba 

Ba(CiffjOj)s-3HCyijOi, 

Ba(C 2 H 3 0 2 ) 2 - 2 HC 2 H 3 O 2 

3.48 

3 

Ca 

Ca(C 2 H 8 02)2 • HOftEiOi i 

0.068 

1 

Zn 

None 

0.0018 

0 

Pb 

None 

31.9 

0 

Fe(-ic) 

None 

Practi- 
cally 0 

0 * 

Cu 

Cu(C 2 H 3 0 2 )2*HC 2 H 8 0 2 

0.166 

1 

Ag 

None 

0.094(76°) 

0 


is found in several series of systems of the type HX:MX. The 
order of solubility of a series of sulfates in sulfuric acid, or of 
formates in formic acid, is very similar to that of the correspond- 
ing hydroxides in water. More recently, Fredenhagen and 
Cadenbach (21) have shown the same thing to be true for solu- 
tions of fluorides in anhydrous hydrogen fluoride. An explana- 
tion of this regularity, in terms of the effect of addition compound 
formation on solubility, is offered by Kendall in one of the articles 
just referred to (20). The results of accurate measurements on a 
number of acetates in acetic acid (17, 19) fall in line with the 
analogous cases in other solvents. As is shown in table 1, where 
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some of these results are summarized briefly, the acetates of 
the alkali metals and of barium exhibit marked solvation and 
are readily soluble, while the solubility of the acetates of most of 
the less electropositive metals is small, lead acetate constituting 
a very marked exception. 


IV. AMMONIA AND WATER AS BASES IN ACETIC ACID SOLUTION 

The large group of organic bases will not be considered in this 
article, but any discussion of basicity in acetic acid solution 
would be incomplete without mention of the two additional in- 
organic basic substances, ammonia and water. 

The basic nature of ammonia may be regarded from two differ- 
ent points of view. According to the ideas of Bronsted (14), 
ammonia is to be regarded as a base because of its tendency to 
combine with a hydrogen ion, or proton, to form ammonium ion: 

NHj + H+ NH 4 + 

More specifically, in aqueous solution, we might write 
NH„ + H a O <=± NH» + + OH" 

where NH S and OH - are both bases. A corresponding formula- 
tion for ammonia in acetic acid solution would be 


NHs + HCaHaOa NH«+ + CaHaOa- 


Despite the advantages of this viewpoint, too close adherence 
thereto might, it appears to the writer, have the undesirable 
effect of obscuring the very close similarity between ammonium 
compounds and those of the alkali metals, especially potassium. 
In order to emphasize this similarity, it would seem preferable to 
formulate the above reactions as follows: 

NH, + HsO *± NH4OH 5=i NH,+ + OH-, 
and 


NHs 4“ ECaEjOs ^ NHiCjHsOj ^ NH^ 4* OtHsOa“. 


Ammonium acetate is, of a course, a well-known salt, which is 
quite stable with respect to ammonia and acetic acid, not only at 
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room temperature, but up to its melting point, 113°; and it is 
quite unlikely that it is completely dissociated into its ions in 
acetic acid solution. Moreover, the freezing point curve for 
a mm onium acetate in acetic acid is quite similar to that for po- 
tassium acetate (17), and Hall (13) has found that the two com- 
pounds behave quite similarly on titration with acids. There is 
every indication, then, that in acetic acid solution ammonia com- 
bines completely with the solvent, and that the resulting ammo- 
nium acetate is as strong a base as potassium acetate. Consider- 
ing the aqueous solution of ammonia from the same point of 



Eta. 1. Freezing Point Curves of Ammonia in Watbb (A) and in Acetic 

Acid (B) 

view, the compound ammonium hydroxide should not be re- 
garded merely as a convenient, though probably fictitious, postu- 
late, as some authors have done (22), since it also is capable of 
existence as a stable solid, though at low temperatures only. In 
this connection, the freezing point curves of a.mmnnm in water 
(23) and in acetic acid (17) as solvents may profitably be com- 
pared. In figure 1 these curves (for concentrations of ammonia 
up to 50 mole per cent) are plotted on the same scale, and the 
enormous difference in stability between the addition compounds 
NHg-HgO or ammonium hydroxide, on the one hand, and NH S - 
HC s H*Oa or ammonium acetate, on the other, is clearly brought 
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out. Whatever may be the cause of this difference, it seems alto- 
gether reasonable to advance the hypothesis that at very low 
temperatures (—90° or thereabouts) a solution of ammonium 
hydroxide might behave in an entirely analogous manner to one 
of potassium hydroxide. However, the rather flat maximum in 
the freezing point curve indicates that ammonium hydroxide is 
somewhat dissociated into ammonia and water even at —79°, 
and the extent of this dissociation doubtless increases with in- 
creasing temperature, so that the weakness of ammonium hydrox- 
ide as a base under ordinary conditions may reasonably be 
ascribed to the instability of the compound with respect to am- 
monia and water. 

Whereas ammonia in acetic acid solution, as has just been men- 
tioned, exhibits strongly basic properties, the closely related sub- 
stance water, though also a basic solute, is only weakly so. This 
is indicated both by the potential measurements of Hall and 
Conant (5) and by observations on the effect of water upon 
indicators in acetic acid (17). The weakly basic nature of water 
is accounted for, in terms of Bronsted’s ideas, by the hypothesis 
that, although the water molecule will combine with a proton to 
form the oxonium ion, H*0+, the tendency for this reaction to 
take place is considerably less than in the case of the ammonia 
molecule. Or, if we choose to formulate the behavior of water as 
a solute in a manner entirely analogous to that used for ammonia, 
we might write 

HjO + HCiHtOs ^ HjOCjHjOj ^ HjO + + . 

However, the existence of the addition compound, which may be 
called oxonium acetate, is open to question, since, unlike am- 
monium acetate, it is unknown in the solid state at ordinary 
temperatures. In figure 2 the freezing point curves (up to a 
concentration of 50 mole per cent of solute) for water (24) and 
for ammonia (17) as solutes in acetic acid are plotted on the same 
scale. It is evident that oxonium acetate cannot be isolated as a 
solid even at very low temperatures. Nevertheless, the identity 
between the cryoscopic effects of the two substances in moderately 
dilute solutions, as shown by the exact coincidence of the two 
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curves in this region, points toward a similar state of solvation at 
these low concentrations, and makes it seem probable that 
oxonium acetate is capable of existence in solution and that it is 
actually formed, to some extent, when water is dissolved in 
acetic acid. Again it seems entirely reasonable to explain the 
low basicity of water in acetic acid solution as compared to 
ammonia, in terms of the instability of oxonium acetate as com- 
pared to ammonium acetate. 


L 

? 

£ 40 

fcf 



Fig. 2. Freezing Point Curves of Water (A) and of Ammonia (B) in Acetic 

Acid 

V. THE EFFECT OF SODIUM AND AMMONIUM ACETATES UPON THE 
SOLUBILITY OF OTHER ACETATES IN ACETIC ACID 

When a small amount of sodium acetate solution is added to a 
solution of zinc chloride in acetic acid , 2 a precipitate of zinc 
acetate is formed, the reaction being expressed by the equation 

ZnCl 2 + 2NaC 2 H 8 0 2 - Zn(C 2 H 8 0 2 ) 2 + 2NaCl. 

This reaction is, of course, analogous to the precipitation of zinc 
hydroxide by the addition of sodium hydroxide to an aqueous 

8 Prepared by heating a solution of hydrogen chloride with an excess of zinc 
acetate and filtering. 
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solution of a zinc salt. Now, just as the precipitate of zinc hy- 
droxide dissolves in an excess of sodium hydroxide solution, so 
does the precipitate of zinc acetate, in acetic acid, dissolve in 
an excess of sodium acetate solution. Detailed investigation of 
this phenomenon (25) showed that the analogy between the two 
cases is far from being merely a superficial one. The solubility 
curve of zinc acetate in acetic acid solutions containing varying 
concentrations of sodium acetate, at a constant temperature, is 



Insolvent In Solvent 

Fig. 3 Fig. 4 

Fig. 3. Effect of NaOH upon the Solubility of Zn(OH) 2 in H 2 0 at 30° 
A— solid phase Zn(OH) 2 ; B— solid phase Zn (OH) 2 • 2NaOH * 2H 2 0 

Fig. 4. Effect of NaC 2 H 8 02 upon the Solubility of Zn(C 2 H 8 0 2 )2 in HC2H 8 0 2 

at 28.5° 

A — solid phase Zn(C 2 H 8 0 2 )2; B — solid phase Zn (C 2 HSO 2 ) 2 • 2NaC 2 H 8 0 2 - 4HC 2 H80 2 

strikingly similar to the curve for zinc hydroxide in aqueous 
sodium hydroxide solutions, as may be seen by a comparison of 
figure 3, plotted from the data of Goudriaan (26), and figure 4, 
from the investigation (25) just referred to. In each case the 
solubility of the zinc compound increases with increasing concen- 
tration of sodium compound until a ma ximum is reached, 8 at 

8 In figure 3 this branch of the curve shows the solubility of zinc hydroxide, 
although this compound is metastable with respect to zinc oxide under these 
conditions. 
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which, point a new solid phase appears; beyond this point the con- 
centration of zinc compound in the saturated solution decreases 
with increasing concentration of sodium compound. The solid 
phase which appears at high concentrations of sodium compound 
may be formulated, in each case, as a ternary addition compound 
of the three components of the solution. The composition of 
these two ternary compounds is very similar, as is evident from 
the following comparison: in water — Zn(OH) 2 ‘2NaOH*2HaO, 
or Na*Zn(V4H 2 0; in acetic acid — Zn (C 2 H 8 0 2 ) 2 • 2N aCsH 8 0 2 • 
4HC2H3O2, or N a^Zn (C 2 H 8 0 2 ) 1 • 4HC 2 H 8 0 2 . In the aqueous sys- 
tem zinc hydroxide is said to be amphoteric, and the ternary com- 



Fig. 5. Effect of NH 4 C 2 HjO s upon the Solubility of Cu(C 2 HjOi)2 in HCjHjO 

at 33.5° 


A— solid phase CHi(C 2 HjOs)j*HCjH 8 O s ; 

B — solid phase Cu (C 2 HsO 2) 2 • iNHjCjE s Oi* 4 HCjHjOi 


pound is thought of as a sodium zincate. An answer to the 
question of whether or not this name, or some modification 
thereof, such as sodium acetozincate, would also be suitable for 
the ternary compound in the acetic acid system, must wait .upon 
further investigation of the properties of this substance. 

The solubility of cupric acetate in acetic acid, though consider- 
ably greater than that of zinc acetate, is still rather low. It was 
found, however, that cupric acetate dissolves very readily in an 
ammonium acetate solution, and a quantitative study of this 
phenomenon (27) again led to interesting results. Figure 5 shows 
the variation in the solubility of cupric acetate with varying con- 
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centration of ammonium acetate in acetic acid, at a constant 
temperature. The solubility of cupric acetate rises to a maxi- 
mum, at which point a ternary addition compound appears; 
with further increase in ammonium acetate concentration, the 
concentration of cupric acetate in the saturated solution falls off. 
The composition of the ternary addition compound in this case 
may be represented by the formula Cu (C 2 H 3 0 2 )2 • 4 NH 4 C 2 H 3 O 2 • 
4HC2H3O2 • 

The writer was at first disposed to regard these facts as exactly 
analogous to the solubility of cupric hydroxide in aqueous am- 
monium hydroxide solution. There is, indeed, a marked resem- 
blance between the two cases; the solubility of cupric hydroxide 
increases with increasing concentration of ammonium hydroxide, 
and, although there is no satisfactory evidence as to the composi- 
tion of the solid phase in equilibrium with solutions of high am- 
monia content, the compound Cu(OH) 2 -4NH 3 is commonly sup- 
posed to be present in the solution. Further consideration, 
however, has led to a somewhat altered viewpoint. It has been 
mentioned above that ammonium acetate in acetic acid, unlike 
aqueous ammonium hydroxide, is as strong a base as the corres- 
ponding potassium compound; moreover, qualitative experiments 
have shown (27) that cupric acetate readily dissolves in potassium 
acetate solution also. It therefore seems preferable to regard the 
effect of ammonium acetate on the solubility of cupric acetate in 
the same light as the effect of sodium acetate on zinc acetate, 
discussed above, and to seek the water analog of this phenomenon 
in the effect of the alkali hydroxides, rather than of ammonium 
hydroxide, upon cupric hydroxide. Although cupric hydroxide 
is not ordinarily considered to be amphoteric, it is appreciably 
soluble in concentrated aqueous solutions of alkalies. In fact, 
Miiller (28), in a quantitative study of its solubility in sodium 
hydroxide solution, obtained a solubility isotherm of the same 
type as those of figures 3, 4 and 5, with an addition compound 
which he called sodium cuprite appearing as solid phase at very 
high concentrations of alkali. 4 It may be mentioned here that 

4 The investigation of such systems in aqueous solution is extremely trouble- 
some because of the high viscosity of the concentrated alkali solutions which 



188 


ARTHUR W. DAVIDSON 


many addition compounds of this nature have been obtained 
from solutions in liquid ammonia, and have been discussed by 
Franklin (10). 

One further property of these cupric acetate-ammonium ace- 
tate-acetic acid solutions remains to be noted. On heating them 
to a temperature of 100° or higher, they exhibit a very marked 
deepening of their blue color. At the boiling point they attain 
a very intense shade of violet-blue, which is practically identical 
with the f amili ar color characteristic of aqueous solutions con- 
taining the so-called cupric ammonia ion. The resemblance is 
so close that it seems unlikely that it could be merely fortuitous, 
especially since the cupric acetate-potassium acetate solutions 
show no color change whatever on heating. It would therefore 
seem a reasonable hypothesis that at these elevated temperatures 
a solution of ammonium acetate in acetic acid approaches the 
state of an aqueous ammonium hydroxide solution at ordinary 
temperatures; that is, that the ammonia is but loosely held by the 
solvent, and is therefore available for the formation of other 
ammonia complexes which are more stable at the temperature in 
question. If this supposition is correct, then the violet-blue 
color of the hot cupric acetate-ammonium acetate solutions may 
be due to a complex ion, Cu(NH s )n ++ , very similar to that which 
gives rise to the same color in aqueous solutions. 

Several other facts have been observed which also seem to 
point toward a loosening of the bond between dissolved ammonia 
and acetic acid at temperatures in the neighborhood of the boil- 
ing point of the solvent. For instance, silver chloride does not 
dissolve in an acetic acid solution of ammonium acetate in the 
cold, as it does in aqueous ammonia, but does dissolve when the 
mixture is heated to boiling. Similarly, mercurous chloride, 
which is quite insoluble in acetic acid, shows no change of color 
when ammonium acetate is added at room temperature, but turns 
gray on being heated. And finally, the fact that the distillate 
from a concentrated solution of ammonium acetate in acetic acid 

have to be employed, and the difficulty of obtaining substances like cupric hy- 
droxide or zinc hydroxide in crystalline forms of constant composition. In the 
acetic acid systems, these difficulties do not arise. 
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contains perceptible quantities of ammonia (29), shows that the 
vapor pressure of ammonia in such a solution, which must be 
practically aero at room temperature, becomes appreciable at the 
boiling point of the solution. The conclusion may be drawn, 
then, that while ammonium acetate in acetic acid at 25° is com- 
parable to potassium hydroxide rather than to ammonium hy- 
droxide in aqueous solution, yet above 100° it begins to exhibit 
properties similar to those of an aqueous ammonium hydroxide 
solution at low temperatures. 

Some of the phenomena which have been discussed in this 
article have so far been studied only superficially, and further 
investigation will be necessary for a better understanding of the 
facts observed and a more thorough confirmation of the hypoth- 
eses advanced; while many other possible reactions and rela- 
tionships have not been touched upon at all. Nevertheless, it 
appears to the writer that the value of the study of non-aqueous 
solutions, as a means of broadening our perspective of general 
chemistry, is further demonstrated by these first steps toward the 
development of the chemistry of acetic acid solutions. 
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Acids and acidity have taken on a new theoretical importance 
in the last thirty years, because, after the rdle of the hydrogen 
ion as the common carrier of acid properties had become estab- 
lished, it was discovered that this hydrogen ion or proton, besides 
being the lightest atomic particle was also simple in a way en- 
tirely unique among atoms, and fundamental in a way shared 
only with the electron. It is thus possible to say that just as 
oxidation-reduction reactions are uniquely characterized by 
electron exchange between molecules, and may be defined by 
the general equation 

Red Ox + © 

(reduct ant ^ oxidant + electron), 

so acid-base or protolytic reactions may be defined by the general 
equation (Goldschmidt, Bronsted) 

A H + © 

(acid ^ base + proton). 

In actual practice, however, chemical reactions are always more 
complex than this and the typical “redox” equilibrium involves 
at least two oxidants and two reductants. 

Redi -}” Oxa t— - Heda -j- Oxi 
e.g., Cu+ + Fe +++ Fe++ + Cu++ 

Similarly, acid-base reactions in general involve such an ex- 
change as 

Ai + Ba ^ Aa + Bi 
EC1 + NH 3 NH 4 + + Cl“ 
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The example chosen involves us at once in the question of the 
advantages and disadvantages of the proposed definition. It is 
seen that to be consistent we must give the name “acid” to all 
molecules of the A type which release a proton under the conditions 
of our study, regardless of their charge, and the name “base,” or 
“protophile,” to all which accept protons. This results in call- 
ing ammonium ion an acid, chloride ion a base (though a very 
weak one), and in saying that potassium hydroxide is not itself 
a base although it contains the strong base hydroxyl ion. 

Some hostility is naturally aroused in many minds by such a 
proposal, and it seems fair to say that chemical opinion is divided 
at the present time on its desirability. On the one hand are 
those who prefer to retain the customary definition of a base as 
something that in water gives hydroxyl ions, in spite of the ad- 
mittedly partial, inadequate, and one-sided character of this 
formulation. On the other side we have such suggestions as 
Germann’s (15), or Lewis’s (41), which would extend the concept 
of acids to include such things as phosgeno-aluminum chloride 
COAl a Cl 8 , or make “acids” and “bases” synonymous with Sidg- 
wick’s (49) “acceptor” and “donor” molecules, respectively. 

Bronsted (8), it seems to me, has satisfactorily defended his 
proposal in the following terms: “If we seek, with these con- 
siderations as a background, a more general and more precise 
definition of acid and base, we recognize that such a definition 
must in the first place attribute the characteristic acid-base 
properties to the molecules of acids and bases themselves, (i.e., 
not to their solutions). Second, it must be a definition which 
relates the ideas acid and base to each other in a more logical way 
than has hitherto been the case. It must further give an illumi- 
nating explanation of the peculiar character of these substances, 
and finally we may say that since acids and bases are found so 
universally in chemical systems, the definition of these substances 
must be formulated independently of the solvent.” 

In addition to elegance and logical consistency, one may urge 
in favor of BrSnsted’s definition that it has led to new work of 
importance. This is particularly true in the field of reaction 
velocity studies, where the recognition of the hydronium and 
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hydroxyl ions, H a O + and OH - , not as uniquely important sub- 
stances, but as members of the classes acid and base, has led to 
the correct evaluation of the r61e of other acids and bases in pro- 
tolytically catalyzed reactions (6). Thus Bronsted and his 
students have shown that the velocity of a reaction catalyzed by 
H+ ion is a function of the concentrations and acidity constants 
of all the acid molecules present, and not simply of the hydrogen 
ion activity of the solution. The same has also been shown to 
be true of reactions catalyzed by bases. 

Recent papers by Kilpatrick (38, 39), Pedersen (45), and 
Grove (24), may be mentioned among others as examples of the 
utilization of these ideas. 


SOLVENTS 

When we consider the r61e of the solvent in acid-base equilibria 
we recognize that solvents may be roughly classed from this 
standpoint as predominantly acidic, predominantly basic, amphi- 
protic, or indifferent. (By taking account of the dielectric con- 
stant Bronsted (7) increases these four classes to eight.) 

Thus we recognize water as amphiprotic since it is capable of 
the acid reaction 


HjO H+ + OH- 


and the basic reaction 


HaO + H+ ^ H.O+, 

or, what amounts to the same thing, it is self-dissociated to an 
appreciable extent according to the scheme 

2HjO ;=± H s O + + OH - . 

In this solvent, therefore, all very strong acids are completely 
decomposed 

HCI0 4 + H,0 ^ H.O+ + CIO, - , 
as are all very strong bases 


OCH, - + H^D OH - + CHsOH, 
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while the protogenic and protophilic character of very weak 
acids and bases is largely masked by the overwhelming promi- 
nence of the similar properties of water. A solvent of opposite 
or aprotic character is represented by benzene, which neither 
gives up nor tajces up protons to any considerable extent. Add 
solvents which have been more or less thoroughly studied are 
hydrocyanic acid, phenol, and acetic, formic, hydrofluoric and 
sulfuric acids. Predominantly basic solvents are ammonia and 
the amines. 

Hammett (29) has given a highly interesting discussion of the 
r61e of the properties of the solvent in determining acidity, and 
has clearly distinguished between the inferences that may legiti- 
mately be made from colorimetric work with indicators of 
various types and from electrometric measurements. Numer- 
ous papers of Hantzsch (31, 31a, 31b, 33) should also be cited in 
this connection, as well as the recent work of Schwarzenbach 
(48), Fredenhagen (12, 13, 14) and Rabinowitsch (46). Bjer- 
rum’s (3, 4) studies of ion-partition coefficients present a novel 
method of attack on the problem of relative acidities in different 
solvents. 


Aprotic solvents 

Let us first consider the phenomena in relatively indifferent 
or aprotic solvents. Examples of these are the paraffin hydro- 
carbons, benzene and chloroform. In these solvents the level- 
ling, or degrading, action which water exerts on strong acids and 
bases is absent, and we may expect the true or intrinsic relative 
strength of the stronger acids to come to the fore much more 
clearly than in water. 

In benzene, acids and bases may probably be regarded as 
present as such — though perhaps associated — and not to any 
great extent as ionized solvates. Bronsted has shown how such 
solutions may be studied. If two substances are added to ben- 
zene such that an equilibrium of the following type is established 


Ai + Ba Bi + Aa 



ACID-BASE EQUILIBRIA IN NON-AQUEOUS SOLVENTS 195 


then 


Ca, X C'b, 
X c Bj 



where and if A( , 2 are the acidity constants of the two acids 
concerned and Km, Km are the corresponding concentration 
dissociation constants. This follows from the definition of the 
respective constants: 

C B c B 

m °h + cf K \ " c h + (sod c7 ,et0 - 

A i 


If now one of the substances has at least one colored form — i.e., 
is an indicator acid or base — the ratio of the concentrations of 
two of its forms may be determined from the color of the solu- 
tion, and the strength of a colorless acid may be compared with 
that of the indicator acid by noting the concentration ratio of, 
for example, acetic acid to an acetate, which is necessary to pro- 
duce a given color in the solution. 

In this way Bronsted has made a very instructive comparison 
of the strengths of various uncharged and cation acids with those 
of a series of indicators in benzene, and arranged these results in 
a table of relative acid strengths. An inspection of Bronsted’s 
table brings out the following points: for acids of the same charge 
type the order of strength is nearly the same in benzene as in 
water; the positively charged acids appear very much stronger 
in relation to the uncharged, than is the case in water. These 
results are to be expected from the simple electrostatic theory 
according to which a separation of unlike charges (ordinary 
electrolytic dissociation) will occur less readily in a solvent of low 
dielectric constant, while an equilibrium of the type 

BH+ ^ H+ + B 

will be relatively unaffected by dielectric constant change. (See 
also Hammett (29)). In order to bring out more clearly the 
significance of Bronsted’s table, I have amplified his list of acids 
by writing after their names the values of their negative logarith- 
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mic dissociation constants; these are arranged in two columns 
according to the charge type of the acid concerned. 

It is evident that the constants fall into two series, that of the 
cation acids being displaced in the direction of increasing strength, 
relative to the uncharged acids. Certain irregularities in the 


TABLE 1 


Brdnsted’s acidity series determined colorimetrically in benzene 


SUBSTANCE 


TAIiXXB OP pK FOB ACID 


1. Hydrochloric acid. . 

2. Methyl red 

3. Dimethyl yellow 

4. Trichloroacetic acid, 

5. Dichloroacetic acid. 

6. Picric acid 

7. o-Nitrobenzoic acid. 

8. Chloroacetic acid. . . , 

9. Salicylic acid 

10. Bromophenol blue. . . 

11. jS-Dinitrophenol 



A+ 


4.9(7) 

0.7 

1.8 

0.3 

2.3 

2.9 

3.0 

4.1 
3.7 


12. o-Chlorobeuzoic acid. 

13. Neutral red 

14. m-Chlorobenzoic acid. 

15. Bromocresol green. . , . 

16. Benzylammonium ion. 

17. Formic acid 

18. Phenylacetie acid 

19. Benzoic acid 

20. Acetic acid 


2.9 

3.8 

4.7 

3.7 
4.3 
4.2 

4.7 


21. Xsoamylammonium ion. 

22. Bromocresol purple 

23. Piperidinium ion 

24. Bromothymol blue 


6.3 


10.6 

11.1 


7.0 


observed order are attributed by Bronsted to the effect of 
“zwitterion” structure of the “uncharged” forms. The strongest 
acid investigated by Bronsted was hydrochloric, of which 
Wynne-Jones (51) estimates the true constant in water to be 
10 7 - 1 . (Schreiner (47) gives 10M0 8 ). There is a variety of 
evidence (16, 18, 81, 33, 34, 35, 47) that hydrobromic and hy- 
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driodic acids are stronger stall, and that perchloric acid is the 
strongest of all the common acids, though possibly none of them 
is completely dissociated in water. These great differences in 
strength are practically obscured in water by the conversion of 
all the acids of this class into the weaker acid H s O + , whose 
acidity constant is conventionally fixed at 1 by the ordinary 
definition of proton activity in aqueous solution. 

To the German organic chemist, A. Hantzsch, we owe much of 
our knowledge of the relative strength of the strongest acids, 
and he has insisted for years on the existence of these differences 
in relative strength just mentioned. Typical of Hantzsch’s 
investigations' are those recently published with Voigt (33) on 
“the determination of the acidity of undissoeiated acids.” The 
experiments fall into two parts. In the first the authors prepare 
the dimethyl yellow salts of the acids studied and dissolve 
them in a given solvent, diluting with the solvent until the in- 
dicator turns color. It is supposed that the dilution at which 
the color change occurs, and at which presumably the reaction 
BH+ X" — > B + HX has reached a certain degree of com- 
pleteness, is an approximate measure of the strength of the add 
in the solvent concerned. The relative dilutions necessary in 
dry chloroform vary from 1 for acetic acid to 95,000 for trichlo- 
roacetic acid, while the dissociation constants as ordinarily mea- 
sured in water show only an eleven thousand fold variation. 

Hantzsch attributes this difference to the “levelling down” 
influence of water on the stronger acids. If the chloroform is 
moist the strength of the stronger acids appears relatively less, 
which is in harmony with this view. Hantzsch regards ether as 
a much less indifferent solvent than chloroform, and one which 
forms well-defined solvates with the dissolved acids, thus pro- 
moting the decomposition of the salt. He finds, in other words, 
that a much smaller volume of ether than of chloroform is neces- 
sary to decompose completely a given quantity of a particular 
salt. The necessary dilutions vary from 1 /17th to. l/80th of the 
corresponding figures for chloroform. Added water has much 
less effect on ether than on chloroform. 

When tiie strongest acids are examined it is found that their 
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salts with, dimethyl yellow are so stable as to be decomposed 
only at impracticably large dilutions in dry chloroform, while in 
both dry and moist ether-chloroform mixtures, and in moist 
chloroform, the necessary dilutions are measurable and indicate 
that the strength of the strong acids falls off in the order per- 
chloric, hydrobromic, hydrochloric, nitric, as much similar pre- 
vious work has shown. The authors then find in the more 
weakly basic indicator dianisalacetone a suitable substitute for 
dimethyl yellow in dry chloroform, and find in fact that hydro- 
bromic, hydrochloric, and trichloroacetic acids show diminish- 
ing strength in the order named. (Nitric, perchloric and hydriodic 
acids could not be measured for special chemical reasons.) The 
study of these three acids was then extended to the solvents 
benzene, toluene and tetrachloroethane, with the surprising 
result that in benzene and toluene, hydrochloric acid appeared 
slightly weaker than trichloroacetic acid. As this result is in 
direct contradiction to that of Bronsted reported above, one 
must either suspect some special chemical reaction of this indi- 
cator with the acids and solvent concerned, or question the 
reliability of one or both of the methods as a true measure of rela- 
tive acid strength. Both Bronsted and Hantzsch clearly recog- 
nize the provisional and approximate character of their results, 
and point out the more obvious uncertainties by which they are 
affected. 

Sohwarzenbaeh (48) has called attention to a phenomenon of 
“self buffering,” which is to be expected in certain concentration 
ranges when adds are dissolved in aprotic solvents, and also to 
the fact that in certain of these solutions the molar conductance 
should decrease with dilution. He believes that both of these 
effects are shown by his own measurements on ether solutions. 

Basic solvents 

(a) Ammonia. The early work of Franklin, Kraus, Cady and 
others showed that the ammonium salts function as acids in this 
solvent, that many, acids relatively weak in water appear to 
exhibit a relatively high degree of dissociation in ammonia. , and 
that indicators such as phenolphthalein are affected by the NH a “ 
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ion in the same way as by OH" in water. Quite recently Zintl 
and Neumayr (52) have determined the e.m.f. of concentration 
cells with transference, using quinhydrone electrodes, and have 
obtained values consistent with equations developed by Bjerrum 
and others. 

(6) Organic amines. Aniline and p-toluidine as solvents for 
acids and bases have been studied by Heinrich Goldschmidt and 
his coworkers Reinders, Bandke, Salcher, and Bakscht (1, 20, 
22, 23), who found that aminolysis of salts was more extensive in 
p-toluidine than in aniline, as would be expected from the rela- 
tive strength of these bases in water. They also found that the 
order of apparent strength of acids and bases was the same in 
these two solvents as in water but that the strongest acids, as 
mentioned above, show widely different strengths. The ratio 
of apparent strengths of the strong acids in the two solvents is 
nearly constant (the velocity constant of the acid-catalyzed 
reaction is about nine times as great in aniline as in p-toluidine), 
but it falls to about half its value for the weaker o-nitrobenzoic 
acid. When different bases are compared in the two solvents it 
is found that the salts of the stronger bases are both absolutely 
and relatively less solvolyzed in aniline than in p-toluidine. 

The author's e.m.f. measurements in pyridine (unpublished) 
have also shown that in this solvent the apparent strengths of the 
strong acids differ widely. This is presumably due to the enor- 
mously large salt effects to be expected in solvents of low dielec- 
tric constant, and appears to be in harmony with the views of 
Hammett in the paper previously referred to. 

(c) Alcohols. Goldschmidt and Mathiesen (21), completing 
and extending earlier studies by Goldschmidt and others (17, 
19), report the solvolytic constants for a variety of bases in ethyl 
and methyl alcohols. These constants are usually smaller in 
the alcohols than in water and always smaller in methyl than in 
ethyl alcohol, so that they seem to reach a minimum value in 
methyl alcohol, a rather surprising result. They also found that 
the addition of water always reduces the alcoholysis of a salt, 
and to about the same degree for salts of different acids with the 
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gn.mft base. The effect, however, differs in magnitude according 
to the base employed. 

One may conclude from Goldschmidt's results that the dis- 
sociation constant of a cation acid is usually smaller, but some- 
times larger, in ethyl alcohol than in water. The ratio of the 
two constants varies from 0.06 to 6.0. This is in harmony with 
the expectation referred to above, that the constant of a cation 
add should be substantially unchanged on changing solvents. 
Goldschmidt also determined the dissociation constants of numer- 
ous acids in alcoholic solution by conductivity methods, and 
found that in general an uncharged acid has a dissociation con- 
stant about 10 6 times smaller in alcohol than in water. Larsson 
(40) recalculated and in part repeated and confirmed Gold- 
schmidt’s results, and also made e.m.f. measurements of cells 
with liquid junctions which he interpreted as confirming the 
conductivity figures very satisfactorily. 

Michaelis and Mizutani (42, 43, 44) studied the e.m.f. of cells 
consisting of a saturated aqueous calomel electrode and a hydro- 
gen electrode in an aqueous alcoholic solution of a half-neutral- 
ized acid or base. Saturated aqueous potassium chloride formed 
the liquid junction in their cells. They calculated at definite 
percentage compositions of the water-alcohol mixtures the appar- 
ent acidity constants of numerous uncharged and cation acids. 
In most cases an extrapolation to pure water and pure alcohol 
was possible. From their results one may infer, neglecting the 
junction potential, that the acidity constant of an uncharged 
acid is usually about 10 s times smaller in ethyl alcohol than in 
water, while that of a cation acid is about 10 2 times larger. 

Since in any solvent 


^HVl) x c b 


^Ao 


Bronsted (6) has been able to calculate from certain of these 
results combined with others of Bjerrum (5) that J£b« for meth- 
anol is about 350 times smaller than for water, while two inde- 
pendent calculations show that ethanol is 330 and 600 timew as 
weak a base as water. 
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Similar calculations also show that pure methanol is 2.5 times 
and ethanol 160 times as weak an add as water, but all these 
figures are affected by numerous uncertainties. In particular, 
the physical meaning of Bronsted’s functions J?a 0 and Rb„ for 
any substance in a non-aqueous or even a concentrated aqueous 
medium depends on the possibility of measuring relative hydro- 
gen ion activities, which Taylor (50) and Guggenheim (25) have 
recently reminded us are fundamentally inaccessible to experi- 
mental attack. 

Bishop, Kittredge and Hildebrand (2) used the hydrogen 
electrode for titrations in ethanol and emphasized the effect of 
the low self-ionization of the solvent on the titration curves. 

(d) Ether. This solvent is distinctly less basic than the alco- 
hols, but more so than the hydrocarbons. In addition to the 
studies of Hantzsch already referred to, we may mention certain 
measurements and titrations by Schwarzenbach (48), using 
hydrogen electrodes. 


Acid Solvents 

(a) Acetic add. If we now turn to glacial acetic acid as a 
typical acid solvent, we find that acid-base equilibria have been 
studied in it primarily by means of titration curves. 

Conant and Hall (10, 27) found that the stronger inorganic 
acids and the sulfonic acids, all of which are quite soluble in the 
medium, could be used as titrants for basic solutions sueh as 
those formed by the organic amines or by the acetates of metals. 
Potentials reproducible within a few millivolts were obtained by 
the use of a simple cell containing liquid junctions, in which an 
aqueous calomel electrode served as a reference, and the indicator 
electrode was a platinum foil in an acetic acid solution of quin- 
hydrone, or better, chloranil and its reduction product. The 
bridge between the reference electrode and the solution being 
titrated was a stoppered glass siphon containing a concentrated 
solution in acetic acid of a salt such as lithium chloride. 

Since the extent of solvolysis of a given salt depends on the 
basic nature of the solvent, it is to be expected that largely un- 
solvolyzed salts of weaker bases can be formed in acetic acid than 
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in water, as indeed is well-known in organic chemical practice. 
This point of view was summarized by means of a diagram (figure 
1) and discussed in the first papers of this series, which should be 
consulted for details (27). Later Hall and Werner (28) showed 
the same thing by a comparison of the titration curves of a weak 


CbHiOH 


NHsI 


RCOOi 


CCIiCOO 


RNHj 


CiBiNHt 


h 2 o| 


NHsCONHs 

CHjCONH* 

ICiHiNHCOCHs 


CtHtSOi* 

HSO«* 


HAc 


(C«Hb)«N 


CIO*- 


2 3 

Acidion Solvent Base 

(X) (S) (B) 


Fig. X. Diagram Illustrating the Relationship op Acids and Anhydro 
, Bases in a Variety op Solvents 


base (acetoxime) in three different solvents (figure 2). It was 
also found that in this solvent, as Hantzsch had shown to be the 
case in many others, the relative strengths of the strong acids 
differ widely, so that the same base will in general give a different 
titration curve with each acid used. Figure 3 shows the po- 
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tentials of a chloranil electrode in a solution of acetic anid , either 
alone or with the addition of various bases, when perchloric, 
sulfuric, and hydrochloric acids respectively are added to the 
solution. 

Most of the later titrations have been made with perchloric 
acid because of its strength and because it is monoprotic. Figure 



0.25 0.50 0.75 1.00 1.25 1.50 
Moles of acid per mole of base* 

O, CHsCOOH; □, CsHsOH; A,H*0. 


Fig. 2. Effect of the Solvent in tee Titration of a Weak Base (Acetoxime) 

with Perchloric Acid 

4 shows the curves obtained at 0.05 M concentration with some 
fifty organic amines and oxygen bases. These titration curves 
with perchloric acid fall into three classes according to base 
strength, like the titration curves obtained in water, and the 
“strong base” curves have the same shape as in water solution. 
The weaker bases, however, give curves that are too flat, pre- 
sumably because of the change of ionic strength during titration. 
Conant and Werner (11) show that, as in many other cases. 





Fig. 3. Comparison op HCIOi, H s SOi and HC 1 as Titrating Acids 
Abscissas are moles of acid added per mole of base. The curves in group 1 represent addition of acid to the pure sol- 
vent. With the stronger bases (5 and 6) the second hydrogen of H2SO4 (B) becomes active. The curves in group 1 begin 
on the basic side of the neutral point due to accidental contamination with traces of basic material. 
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these anomalies largely disappear when the ionic strength 
is maintained nearly constant by a large concentration of 
added salt. 

Similar points on the titration curves of different bases should 
measure the relative acidity constants of the bases in the solvent, 
and according to theory these should be nearly proportional to 
the similar constants in water solution. Because, however, of 
the strongly acid character of the solvent a much weaker base 
may be expected to react completely with it than is the case in 



0> Diethylaniline; +, pyridine; □, sodium acetate; A, guanidine; 

•, o-ebloro-anitine. 

Via. 0. (Ph) h Ao — Dilution Cttbves of Bases in Acsrnc Acn> 


water, where none of the ordinary amines can be called strong 
bases. 

Both of these points are brought out by figure 5, in which the 
logarithmic strength constants in the two solvents are plotted 
against each other for fifty bases. It is seen that bases stronger 
than aniline (Pk h (HsO) = 4.75) are completely strong in acetic 
add. (For the names of the bases and other details the reader 
is referred to a recent paper (26) by the author.) In spite of this 
complete reaction with the solvent, solutions, even of the strongest 
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bases, do not show conductance or voltage changes on dilution 
which suggest a high degree of dissociation in the ordinary sense. 
In fact, the acidities of the solutions change on dilution in just 
the same way as those of weak bases in water, as though the 
electrolyte obeyed the dilution law and the activity coefficients 
of the ions formed remained constant. If the strong base ace- 
tates are completely ionized at all concentrations, then the 
activity coefficient of the acetate ion (not its logarithm) varies as 
the inverse square root of the salt concentration. These facts 
are exhibited in figure 6, in which the apparent “pH” of various 
dilutions of the bases is plotted against the logari thm of the 
dilution. The points lie on straight lines with a slope of 1/2, as 
is to be expected for weak protophiles (28). 

In a paper which has just come to hand, Isgarischew and 
Pletenew (37), working at Moscow, have measured the hydrogen 
electrode potentials of various concentrations of sodium acetate 
in dry acetic acid. Allowing for the different electrodes used, 
their values may be compared with those of Hall and Werner, 
with the result that neither the actual values of the potentials 
nor the type of their variation with concentration agrees with 
the earlier measurements. Further investigation of this dis- 
crepancy is very desirable. The Russian investigators are led 
by their results to the surprising conclusion that pure acetic acid 
is dissociated “in sehr bedeutendem Masse” into hydrogen and 
acetate ions, a view difficult to reconcile with a specific conduct- 
ance of 10- 7 to 10- 8 (36). 

With Bramann (9), Conant has investigated the catalysis in 
acetic acid solution of the acetylation of (3-naphthol. The 
logarithm of the velocity constant is shown to decrease linearly 
with increasing apparent pH of the medium, until a minimum is 
reached, after which further increase in pH causes a linear in- 
crease in the logarithm of the rate constant. This result can be 
interpreted simply, following the lines of the similar studies of 
Bronsted in water solution. It appears that the rate depends on 
the concentration and strength of all the acids and bases present, 
and that the reaction is catalyzed both by acids and by bases, 
such as acetate ion. 
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Acetic acid is thus again shown to be, as Professor Davidson’s 
paper in this symposium has made clear, a solvent worthy of 
study from many points of view. 

(6) Formic acid. In a very interesting paper which has just 
appeared, Hammett and Dietz (30) report titrations of sodium 
formate and other basic substances in anhydrous formic acid. 
Quinhydrone electrodes were used, and the titrating agent was 



Fig. 7. The Change with Concentration of the Effect pbb Equivalent of 
Added Acid on the Velocity of Inversion of Sucrose 
This figure is taken from an article by Hantzsch and WeisBberger: Z. physik. 
Chem. 126, 251-63 (1927). 

benzene sulfonic acid. Curves of the theoretical form for 
strong electrolytes were obtained, and it was possible to calculate 
the ion product constant of the solvent for different values of 
the salt concentration. A high and constant ionic strength was 
maintained during the titrations. Such weak bases as triphenyl- 
carbinol, benzalacetophenone and urea appeared to be completely 
dissociated in formic acid, while ether and water showed hardly 
any basic properties. 
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If we now return for a moment to the general r61e of the solvent 
in these reactions, and to the behavior of the strongest acids in 
various solvents, we may note that even in water itself, if the 
solution is sufficiently concentrated, the individual behavior of 
the strong acids comes out very clearly. This has been shown by 
Hantzach and Weissberger (34) in studies of the rate of inversion 
of cane sugar, and is exhibited in figure 7, where the relative 
increase in the velocity of inversion per equivalent of acid present 
is plotted against the normality of the solution. It is seen that 
the relative effect of an equivalent of the acid increases rapidly 
with the intrinsic strength as inferred from the work in non- 
aqueous solvents. Studies of the activities of hydrochloric acid, 
sulfuric acid, etc. in concentrated aqueous solutions should also 
be mentioned in this connection. 

Pure liquid acids themselves represent limiting cases of con- 
centrated acid solutions. Such liquids show specific conductances 
ranging from 10 -s (for sulfuric acid) to 10~ 1S for isovaleric and 
caprylic acids (36). This conductance is presumably to be 
attributed to a self-ionization of the type 2HX ^ H S X + + X - , 
and its magnitude must depend (aside from mobility corrections) 
on the product of the acidity and basicity constants of the liquid 
(6), Hence it is possible to infer that the basicity of hydrofluoric 
acid is greater, compared to its higher homologs, than would be 
expected from its relative acid strength in water. The stability 
of the fluoraddium salts of Hantzsch (32) supports this view. 
Many other interesting results may be expected from a combina- 
tion of conductivity and e.m.f. methods of studying the acids. 

In conclusion we may ask to what extent it is possible to 
reduce to a quantitative basis of comparison the data already 
accumulated and later to be secured on the variations of acid 
strength from solvent to solvent. If it were possible to establish 
a significant scale of relative acidities, so that one could say in 
an unequivocal manne r that a certain solution in one solvent was 
more or less acid than a solution in another, whatever the acids 
present in either, the whole question would be reduced to a highly 
desirable order and simplicity. Such an outcome was apparently 
envisaged by Bronsted in his proposal of the acidity constant as 
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a general measure of acid strength and in his reference to a scale 
of “absolute (hydrogen ion) activity” (reference 6, page 292), 
although he speaks of the fact that “high and difficultly accessi- 
ble boundary potentials will most likely obscure the results” 
(reference 6, page 351). If, however, the argument of Taylor 
and Guggenheim referred to above is accepted, and “the electric 
potential difference between two points is a conception without 
any physical significance unless the two points are in the same 
media,” the notion of absolute acidity, as distinct from the rela- 
tive activities of some particular acid in two different solutions, 
must be relegated to the limbo of seductive but meaningless 
fictions. 
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The study of hydrogen fluoride is beset with difficulties and 
dangers, but the valuable results obtained compensate for the 
obstacles that must be overcome. A more complete knowledge 
of hydrogen fluoride should add much to chemistry in general, 
for it is in many respects a unique compound. For instance, it 
has the ability to form addition compounds, and has the highest 
heat of formation of the hydrogen halides. Compared with the 
other hydrogen halides it is a moderately weak acid in aqueous 
solution, and its boiling and freezing points are not in agreement 
with the trend of these for the other hydrogen halides. The 
structures of the molecular species, HeF« and HF S ”, which have 
been reported for hydrogen fluoride, are a challenge to our theories 
of molecular structure and must be explained by any complete 
picture of chemical compounds. 

Solutions in liquid hydrogen fluoride have been studied very 
little until quite recently. It is probably because the technique 
of handling anhydrous hydrogen fluoride is different from that of 
working with other substances that it has been almost neglected 
by chemists. Glass vessels are not suitable containers for it, and 
our technique of constructing apparatus entirely of metal and 
operating it without being able to observe visually the processes 
that are taking place has not been highly developed. 

Hydrogen fluoride was first obtained by Margraff (1) in 1768, 
but it was Sheele (2) who in 1771 definitely characterized it. A 
pure and highly concentrated aqueous solution was prepared by 
TMnard and Gay-Lussac (3) in 1809. Davy (4) in 1813 and the 
years following worked with hydrogen fluoride and proved that 
it contained no oxygen. He experimented with passing an 
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electric current through the liquid and also the gas. He actually 
obtained at the end of the electrolysis a liquid which would not 
conduct the current, indicating that he had prepared the liquid in 
a high state of purity. It is reported that he ceased his experi- 
ments with this material when he found that they were injurious 
to his health. Fremy (5) in 1856 was the first to make anhy- 
drous hydrogen fluoride and by the method that is still used, that 
is, by heating purified and dried potassium hydrogen fluoride. 
Gore (6) in 1869 also studied hydrogen fluoride. He showed that 
it would not conduct the electric current, but that it became a con- 
ductor when a small amount of water was present. The early 
history of hydrogen fluoride is perhaps ended with the work of 
Moissan (7). He prepared a liquid of high purity, found that 
potassium fluoride was soluble in it to give a conducting solution, 
and prepared fluorine by the electrolysis of this solution. 

ran PREPARATION OF ANHYDROUS HYDROGEN FLUORIDE 

The preparation of hydrogen fluoride by the treatment of 
calcium fluoride with sulfuric acid does not give a material that is 
pure or anhydrous (8). The difficulties in the method used by 
Fremy lie. chiefly in drying the potassium hydrogen fluoride. 
Moissan (9) describes the method he used for doing this as follows : 

In order to obtain pure anhydrous hydrofluoric acid, one begins by 
preparing the fluohydrate of potassium fluoride, taking all the precau- 
tions indicated by Fremy. Having obtained this salt in a state of 
purity, it is dried over the water bath at a temperature of 100°C. and 
afterwards the capsule containing it is placed in vacuo in presence of 
sulfuric acid and of caustic potash fused in a silver crucible. The acid 
and potash are replaced every morning during fifteen days, and the 
vacuum in the bell jar is always maintained to a pressure of about one 
centimeter of mercury. 

During this desiccation, it is necessary to pulverize the salt from time 
to time in an iron mortar, in order to expose fresh surfaces. When the 
fluohydrate no longer contains water, it falls into a fine powder and can 
then be used for the preparation of hydrofluoric acid. It is to be noted 
that well-made fluohydrate of potassium fluoride is much less deliques- 
cent than the normal salt. 
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When the fluohydrate is thoroughly dry, it is quickly transferred to 
a platinum alembic, which has been dried at a red heat a little w hil e 
before. It is heated gently for an hour or an hour and a half, in order 
that the decomposition may begin slowly, and the first portions of the 
hydrofluoric acid formed, which may contain traces of water remaining 
in the salt are rejected 



Fig. i. Still fob the Phepabatioh ot Anhydbous Htdhogbn Fluoride 
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Fredenhagen and Cadenbach (10) have shown that the acid salt 
loses hydrogen fluoride gradually until at a temperature of 604°, 
when about 30 per cent has been lost, the temperature remains 
constant, and the remainder of the gas is liberated. They have 
also shown that any small amount of water rem ainin g in the salt 
comes off with the first portions of hydrogen fluoride distilled at 
the higher temperatures. They have been able to reduce the 
residual water in the almost anhydrous liquid by repeated distilla- 
tions. 

The tedious drying of the salt and the equally difficult repeated 
distillations of the liquid have been eliminated in the method of 
Simons (11). He completely dehydrates the salt by electrolysis in 
the fused state. The distillation of the resulting material pro- 
duces a product that must be completely anhydrous. Fluorine 
is produced smoothly and in quantity only after all the water has 
been removed from the salt. This enables one to determine easily 
when it is completely dry. As the molten salt has a tendency to 
foam during the distillation, Simons has preferred to use the still 
shown in figure 1 heated by means of a ring burner. As the 
electrolysis is carried on in the base of the still, there is no necessity 
of transferring the material and no danger of absorbing water 
during such a process. 

THE TECHNIQUE OF HANDLING HYDROGEN FLUORIDE 

Improvements in the technique of handling anhydrous hydro- 
gen fluoride have been very important in its study. As the 
anhydrous liquid absorbs water with great vigor, all moisture 
must be excluded. The liquid acts as a good dehydrating agent, 
hence any material from which water may be extracted, such as 
Bakelite, many organic materials, etc., must be avoided. Sili- 
cious materials are of course reacted upon, and althou gh the 
action on quartz is slow, it is, nevertheless, appreciable. Freden- 
hagen and Cadenbach (12) were, however, able to determine 
qualitative solubilities in a fused quartz vessel because of the 
slowness of the action. The reaction or solubility of so many of 
the inorganic compounds makes them inadequate for use as con- 
tainers. Even the slight solubility of calcium fluoride would pre- 
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vent fluorite from being used for quantitative experiments. 
Sulfur has been used successfully for the insulator separating the 
electrodes in conductivity experiments by Fredenhagen and 
Cadenbach. Apparatus constructed for the study of anhydrous 
hydrogen fluoride should in general be made entirely of metal — 
preferably of platinum, gold, or silver. Copper may be used, btit 
apparatus made of it should be kept filled with dry nitrogen. 
Any oxide or other coatings on the metal should be carefully 
removed, and the apparatus scrupulously dried. Permanent 
joints can be made with silver solder; others can be made by some 
sort of metal to metal screw or pressure connections. The appa- 
ratus should be sealed directly to the vessel in which the anhy- 
drous liquid is prepared, so that the liquid can be distilled directly 
into the apparatus. 


CHEMICAL PROPERTIES 

Although hydrogen fluoride does not react appreciably with 
most of the elementary metals, it reacts with sodium in the same 
manner that water does. It does not react with magnesium. 
With the chlorides, bromides, and iodides of the alkali metals and 
of the alkaline earth metals, and with ferrous chloride, mangan- 
ous chloride, and cerous chloride, it liberates the hydrogen halide 
and forms the fluoride. It reacts in the cold with the hydroxides 
of the metals and with many of the oxides, such as those of 
magnesium, calcium, strontium, barium, silver and also with lead 
monoxide. It reacts slowly with aluminum oxide, silicon dioxide, 
and cupric oxide. With potassium and barium chlorates, it 
liberates chlorine dioxide. It liberates hydrogen cyanide from 
potassium cyanide, and silicon tetrafiuoride from potassium 
fluosilicate. It unites with water with considerable evolution of 
heat, and freezing point data indicate the crystalline compounds 
H a O«HF (13),H s O-2HF, and H 2 0-4HF (29). With the alkaline 
fluorides it forms a number of crystalline compounds, as for 
example KFHF, KF(HF) 2 , KF(HF)*, etc. (14). In these com- 
pounds it is probably analogous to water of crystallization. It is 
a good dehydrating agent and will remove water from many 
substances. It reacts with acetic anhydride to produce acetyl 
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fluoride and will react with the aliphatic alcohols at high tempera- 
tures to produce the fluorides. 

PHYSICAL PROPERTIES 

The boiling point (15) of hydrogen fluoride is 19.5°; freezing point 

(16) , —83°; heat of fusion, 1090 calories per mole of HF; heat of 
vaporization (11), 6020 calories per apparent molecular weight in 
the gas phase; heat of formation (16), 63000 calories per mole; 
specific conductivity (10), less than 1.4 X 10~ 6 ; dielectric constant 

(17) 174.8 at -73°, 173.2 at -70°, 134.2 at -42°, 110.6 at -27° 

TABLE 1 


Comparison of the properties of hydrogen fluoride with those of related compounds 



freezing 

POINT 

BOILING 

POINT 

MOLAB HEAT 
OF FUSION 

MOLAB HEAT 
OF 

VAPORIZATION 

DIELECTRIC 

CONSTANT 


°C. 

•c. 

calories 

calories 


HF 

-83 

19.5 

1,09 X 10 8 


83.5 (0°) 

HC1 

-114 

-85.8 

0.50 X 10 8 

3.6 X 10 s 

4.60 (27.7°) 

HBr 

-86 

-67.1 


4.0 X 10* 

3.82 (24.7°) 

HI 

-53.6 

-36.0 


4.4 X 10* 

2.9 (21.7°) 

HjO 

0 

100 

1.34 X10 8 

9.72 X 10 8 

80 (20*) 

HsS 

-85.5 

-61.8 




HaSe 

-64 

-42 




H 2 Te 

-48 

-1.8 




NHj. 

-77 

-38.5 



14.9 (24.6°) 

PH* 

-132.5 

-86.4 



2.71 (-25°) 

AsHa * 

-113.5 

' -54.8 



2.05 (15 s ) 

SbHj 

-91.5 

-18 




HCN. 

-13.8 

26.5 



95 (21°) 


and 83.6 at 0°. Its vapor pressure has been shown to fit the 
equation 


log P - 7.37 - 


1315 
T ’ 


where P is the pressure in millime ters of mercury and T is the 
temperature in degrees K 

A comparison of the physical properties of hydrogen fluoride 
with those of the other hydrogen halides and with water, am- 
monia, and hydrogen cyanide is shown in table 1. It is apparent 
that hydrogen fluoride does not follow the properties of the other 
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hydrogen halides in the expected maimer; it shows greater simi- 
larity to water and to hydrogen cyanide, than it does to the 
halides. Its melting point, freezing point, heat of vaporization, 
and heat of fusion, instead of being lower than those of hydrogen 
chloride, are higher. It is interesting that the relation between 
the properties of water and those of hydrogen sulfide, hydrogen 
selenide, and hydrogen telluride, and the relation between the 
properties of ammonia and those of phosphine, arsine, and stibine 
is the same as the relation between the properties of hydrogen 
fluoride and those of the other hydrogen halides. 

MOLECULAR STRUCTURE 

In order to account for the peculiar properties of water, it has 
been assumed that it is polymerized or associated in the liquid 
state. Some investigators have assumed definite molecular 
species, such as (H 2 0) 2 , (H 2 0) 3 , etc. and have considered them to 
exist in equilibrium with one another. Others have considered 
chain molecules of indefinite and indeterminable size from which 
the single molecules are continually being gained and lost. One 
might also assume that instead of definite polymers being formed, 
the simple molecules exert unusually large attractive forces upon 
one another. This must be true in any case, as seen by the large 
electric moment of the water molecule. Polymerization has also 
been assumed for hydrogen fluoride in the liquid state in order to 
account for its peculiar properties. 

Its structure is, therefore, a matter of considerable interest. 
The formula H 2 F 2 is generally seen in text-books, despite the 
fact that investigators are now in agreement that this molecular 
species has never been found. This formula has come into our 
literature, because at warm room temperature and atmospheric 
pressure the density of the gas corresponds to the density which 
the formula H 2 F 2 would give. An early worker, Mallet (18), 
made this determination, assigned the formula, and it has been 
retained. A variation of temperature changes the apparent 
molecular weight considerably, as shown by Thorpe and Ham bly 
(19); in fact, just above the boiling point the density is much 
greater than H 2 F 2 would give. A variation of pressure also 
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varies the apparent molecular weight. These results indicate 
that if H a Fa exists at all, it is certainly not the only or even the 
major molecular species. There is another argument that has 
been used in favor of H 2 F 2 , and that is that the salts KFHF and 
NaFHF exist as crystalline compounds. This is of course a very 
weak argument, for the crystalline compounds KF(HF) S and 
KF(HF)s also exist. This is the same reasoning one would use in 
assigning the formula for water on the basis of the number of 
molecules of H a O that are retained as water of crystallization in a 
particular compound. There is fairly good evidence for the 
existence of the HF 2 " ion in aqueous solutions, but this does not 
indicate the existence of H 2 F 2 . In fact, the experimental data 
give no indication of this molecular species, although it has' been 
looked for. 

Simons and Hildebrand (20) were able to obtain apparent molec- 
ular weights for gaseous hydrogen fluoride as high as 87.4, show- 
ing that there must be a molecular species containing more than 
four HF molecules. They did this by comparing the vapor pres- 
sure determined by the static method by Simons (11) with that 
determined by the dynamic method. In the dynamic method of 
determining vapor pressure, the value of the molecular weight 
must be assumed in order to calculate the number of moles taken 
through the apparatus per mole of the carrier gas. When the 
vapor pressure is known, the molecular weight becomes the un- 
known factor and can be calculated from the experimental data. 
By assu min g an equilibrium between two molecular species in 
the gas phase according to the equation 

» HF = (HF) b 

with the equilibrium constant K expressed in terms of the partial 
pressures of these species p and p n , by the equation K = 2? 

p n 

they have been able to account for their determinations of 
apparent molecular weight which extend from -39° to +16° 
over which range the vapor pressure of HF changes from 56.2 mm. 
to 661 mm. of Hg, and also the extensive vapor density determine 
tions of Thorpe and Hambly (19), which at constant pressure 
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extend from 26.5° to 88.2° and at constant temperature extend 
from 353 mm. up to atmospheric pressure. Thorpe and Hambly 
used two methods of reducing the pressure: one by reducing the 
total pressure in the apparatus, and the other by diluting the 
hydrogen fluoride with air. These results checked, and they 
carried out the constant temperature experiments at two different 
temperatures. Various values of n were tried, and an agreement 



Fig. 2. Variation of Apparent Molecular Weight of Gaseous Hydrogen 
Fluoride with Pressure 


with the experimental data was found with n = 6. Figure 2 
shows the good agreement of the theoretical and experimental 
values for apparent molecular weight, as the pressure is varied 
with the temperature constant at 305°K. At this temperature 
the equilibrium constant equals 2.91 X 10~ 15 . By treating the 
equilibrium constant in the usual way, the effect of temperature 
upon it is given by the equation : 


log K 


- a H 
4.579 T 


+‘C. 
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When A H = -40,000 calories and C - -43,145, the apparent 
molecular weight calculated from K in the above equation fits 
the experimentally dete rmine d values taken at constant pressure 
and varying temperature, as shown in figure 3 where the smooth 
curve represents the calculated values. Of course the test of this 
theory comes in comparing the calculated values with those ob- 
tained at low temperatures and at the saturation pressure. Fig- 
ure 3 shows that this agreement is good. 



Fig. 3. Variation of Apparent Molecular Weight op Gaseous Hydrogen 
Fluoride with Temperature 

As the simple assumption of the equilibrium 6 HF = H«F 8 
agrees well with molecular weight determinations taken over a 
wide range of temperature and pressure, the evidence in favor of 
the molecular species HaF 6 in the gas phase is very good. There 
is no indication of H 2 F 2 , and if it is present, it must be in very 
snail concentration. The molecular structure of the liquid phase 
of hydrogen fluoride is not established; but it is interesting to note 
that the heat of association, —40,000 calories for six moles of HF 
or 6,670 calories per mole of HF, is close to its heat of vaporization. 
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SOLUBILITY OF SUBSTANCES IN ANHYDROUS LIQUID HYDROGEN 

FLUORIDE 

Gore and Moissan were interested in solutions in liquid hydro- 
gen fluoride, but neither of them made any systematic study of 
hydrogen fluoride as a solvent. In a footnote in one of his papers, 
Franklin (21) reports the qualitative solubility of a number of 
substances, chiefly inorganic salts, in liquid hydrogen fluoride. 
Fredenhagen has made a systematic study of the qualitative 
solubility of a large number of inorganic substances. Table 2 
gives a summary of the solubilities of inorganic substances in 
liquid anhydrous hydrogen fluoride. In the table are given the 
quantitative solubilities, where they are known, in terms of grams 
of the solute in cubic centimeters of the solution. In cases where 
a reaction occurs and a gaseous product is formed, the formula of 
the gas is given in parentheses. The hydroxides and oxides 
that react produce water, which remains in the solution. It is 
interesting to note that the solubility of the fluorides of the alkali 
metals and also of the alkaline earth metals increases with the 
molecular weight. This is directly analogous to the solubilities of 
the hydroxides of the same elements in water. 

Hydrogen fluoride is found to be a polar solvent very similar to 
water, as one would expect from the fact that its dielectric con- 
stant is near that of water. Some of this solubility data is con- 
trary to what one might expect. An example of this is the insolu- 
bility of silicon tetrafluoride. It apparently does not combine 
with the solvent to form hydrofluosilicic acid. The insolubility of 
the other hydrogen halides does not follow the analogy with 
water. It is interesting to note that potassium cyanide evolves 
hydrogen cyanide, but that mercuric cyanide does not, and that 
mercuric cyanide is soluble, but that mercuric fluoride is not. 
The most surprising result is that hydrogen cyanide is not soluble, 
for hydrogen cyanide is a compound which appears to be very 
similar to hydrogen fluoride, having a high dielectric constant 
and a boilin g point not greatly different. One would expect 
these liquids to be miscible. 
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CONDUCTANCE OF SOLUTIONS IN ANHYDROUS HYDROGEN FLUORIDE 

Gore found that water formed a conducting solution, when 
dissolved in hydrogen fluoride, and Moissan (7) found that potas- 
sium fluoride did likewise. It has remained for Fredenhagen and 
Cadenbach (12) to determine the equivalent conductivities of a 

TABLE 3 


Conductivity of substances in solution in hydrogen fluoride 


Normality 

Dilution 

0-5 

0.24 

0.115 

0.055 

0.026 

0.013 

2.0 

4.2 

8.7 

18 

38 

79 


Equivalent conductivity at —15° 

h 2 o 


153 

183 

210 

228 

242 

KF 


203 

225 

241 

251 

255 

AgF 

174 

201 

222 

238 

247 

255 

KNO s 

360 

429 

482 

558 

610 

622 

AgNO, 

390 

470 





HjSO« 


151 

184 

209 

232 

245 

§k*so 4 

171 

211 

244 

267 

276 

277 

CHaOH 

139 

164 

200 

225 

243 

251 

CsHsOH 

166 

180 

210 

233 

246 

256 

CaHTOH 

142 

163 

196 

215 

231 

236 

CgHnOH 

128 

158 

186 

205 

222 

224 

HCOOH 

77 

102 

132 

166 

198 

237 

CHaCOOH 

148 

175 

205 

227 

241 

260 

CClaCOOH 

9 

11 

11 




i(COOH), 

94 

117 

137 

161 



CaHaCOOH 

176 

181 

190 

200 

226 

243 

(CHaC0) 2 0 

154 

180 

203 

226 

244 


CHjCOOK. 

325 

367 



j 


CHjCOCH,: 

159 

182 

216 

238 

252 

273 

(C*H()iO 

179 

190 

216 

269 

293 

310 

Glucose 

114 

165 

208 

247 

279 

310 

C«HsOH 

17 

23 

31 

44 

52 

59 

C«H,(NO s ),OH 

only 0.2 per 100 soluble: conductivity less than 
for phenol 


number of solutes over a range of dilution. A summary of their 
measurements is given in table 3, and figure 4 shows these data 
graphically. Potassium fluoride and silver fluoride give very 
nearly the same conductivities, and they are apparently com- 
pletely ionized in the more dilute solutions. The results for 
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potassium nitrate, silver nitrate, and potassium acetate are 
surprising, for these salts are binary electrolytes’ in aqueous solu- 
tion, but in this solvent they apparently produce twice the 
number of ions that the binary salts potassium fluoride and silver 
fluoride produce. In order to account for this result, Freden- 
hagen and Cadenbach have first considered the ionization of 



Fig. 4. Conductivities in Liquid Anhydrous Hydrogen Fluoride 

water. The data show this as a binary electrolyte, the ionization 
of which could be represented as 

H 2 0 - H+ + OH”. 

As hydrogen fluoride is an acid material, it may serve as donor of 
protons to the water according to the equation 


H*0 + HF - H.O+ + F-, 
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which would produce the same number of ions and so give a similar 
equivalent conductivity. In order to distinguish between these 
two possibilities, an equal molal mixture of water and potassium 
fluoride was dissolved in hydrogen fluoride and the conductivi- 
ties determined. The results given in table 4 show that the con- 
ductivity of the mixture is approximately equal to the sum of the 
conductivities of the two solutes taken separately. This decides 
rather conclusively for the second mode of ionization of water for 


TABLE i 

Conductivities of KF and H^O singly and together in HF at —15°C. 


CONCENTRATION 

KF AND 5sO 
TOGETHER 

KF 

HsO 

SUM OF KF AND HsO 
TAKEN SINGLY 

moles per liter 

0.5 

0.1126 

0.0863 

0.0606 

0.1469 

0.24 

0.0685 

0.0488 

0.0367 

0.0855 

0.115 

0.0396 

0.0258 

0.0214 

■gfe gs 

0.055 

0.0224 

0.0133 

0.0115 


0.026 

0.0124 

0.00663 

0.00600 

■ 

0.013 

0.00620 

0.00321 

0.00305 

0.00626 


the following reason. The potassium fluoride ionizes according 
to the equation 

KF » K+ + F-. 

If the water ionizes to produce hydrogen ions, these would react 
to produce the unionized solvent with the fluoride ion 

H+ + F~ = HF, 

and instead of four ions per mole each of water and potassium 
fluoride, there would result only two, as the following equations 
show: 


KF + H a O - K+ + OH” + HF 
KF + H,0 + HF - K+ + H»0 + + 2 F~. 

The first equation is excluded on the basis of chemical knowledge, 
for potassium hydroxide reacts vigorously with anhydrous 
hydrogen fluoride to produce potassium fluoride and water, 
whereas the first equation shown immediately above represents 
the reverse of this reaction. 
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The high conductivity of potassium nitrate and silver nitrate is 
explained in a similar manner. The ionization of nitric acid in 
hydrogen fluoride is assumed to be according to the equation 

HNO, + HF = HsNO,+ + F“, 

and that of potassium nitrate 

KNO, + 2HP = K + + HjNOj + + 2F~. 

This is, of course, equivalent to saying that nitric acid acts as an 
acceptor for protons from hydrogen fluoride or that it is basic in 
relation to it. 

The conductivities of sulfuric acid are practically identical 
with those for water, and this is accounted for by a reaction to 
produce water. 


H^O* + 2HF - HSOjF + H.O+ + F" 

The analogous reaction for potassium sulfate is 

KjSO, + 3HF = HSOjF + K + + H.O+ + 2F~ 

However, a small ionization of KSOsF must be assumed. 

The conductivity of acetic acid could be accounted for ir£ two 
ways. The first would be a reaction with hydrogen fluoride to 
form acetyl fluoride and water, 

HCjHsOs + 2HF - CHjCOF + H.O+ + F", 

and in the second, the acetic acid molecule would act as an accep- 
tor for the proton from the hydrogen fluoride 

HCsHjO, + HF - HjCiH»Oj + + F~. 

In the first case, we shouldexpect the conductivity to be exactly the 
same as for water, as was found for sulfuric acid. This is not 
true. We also know that acetyl fluoride does not ionize in this 
solution, because acetic anhydride gives conductivities practically 
identical with those of acetic acid. We know that acetic anhy- 
dride reacts to form acetyl fluoride and acetic acid according to 
the equation 

(CiHsO)jO + HF = CH.COF + HC,H,0,. 
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This permits us to explain the conductivity of potassium acetate 
by the reaction 

ECsHsOa + 2HF - K+ + H s C,H s O a + + 2F~. 

The acceptor theory to account for the conductivities of the 
organic acids allows us to explain the apparently low ionization 
of trichloroacetic acid. In aqueous solution, it is a stronger acid 
than acetic acid; this fact shows it to be a stronger donor and 
therefore a weaker acceptor. Being a weaker acceptor, it would 
have less tendency to take the proton from the hydrogen fluoride 
than acetic acid. The same reasoning accounts for the higher 
conductivity of benzoic acid as compared with acetic acid, for 
benzoic acid is a weaker acid in aqueous solution than acetic 
acid. Oxalic acid is a stronger acid in aqueous solution than 
acetic acid and in hydrogen fluoride shows a lower conductivity; 
this fact agrees with the theory, as oxalic acid would be a poorer 
acceptor than acetic acid. The same reasoning can be applied to 
formic acid. 

The alcohols act as binary electrolytes in hydrogen fluoride 
solution. This may be accounted for in two ways: either they 
react to form a fluoride and water, or they act as acceptors for 
protons. The latter explanation seems to correspond more 
closely to the truth, as can be seen in the case of ethyl alcohol. 
If the former explanation held, we should expect the conductivity 
to be the same as that for water, whereas it is appreciably higher. 
In addition, ethyl alcohol has been shown not to react appreciably 
with hydrogen fluoride at room temperatures. Meslans and 
Girardet (22) found the reaction to begin only at 140°, and 
Fredenhagen (23) has been able to recover the alcohol from its 
solution in hydrogen fluoride without obtaining ethyl fluoride. 
Phenol is an alcohol which produces considerable hydrogen ions 
in aqueous solution. It is, therefore, a better donor of protons 
than ethyl alcohol and would be expected to be a poorer acceptor 
for them in hydrogen fluoride solution and so give a lower con- 
ductivity, which it does. Picric acid gives a lower conductivity 
than phenol, as we should expect from the fact that it is a stronger 
acid and therefore a weaker base. 
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The high conductivities of acetone and ethyl ether can also be 
accounted for on the basis that they act as acceptors for hydrogen 
ions in hydrogen fluoride. This agrees well with our knowledge 
of the structure and properties of these compounds. They seem 
to act as strong bases in these solutions, and if the conductivity 
measurements are significant, begin to accept the second proton 
at high dilution. 

The insolubility of the other hydrogen halides can be well 
explained by this theory. They have much lower boiling points 
and low dielectric constants. Unless they ionized in the solution 
or reacted with the solvent, we should not expect than, on the 



Groms HF per JOO grams HjtO 

Fig. 5. Solubility of Sodium Fluoride in Aqueous Hydrofluoric Acid 


basis of our ordinary laws of solubility, to be soluble. As they 
are themselves donors of protons, with little tendency to act as 
acceptors, they could not react with hydrogen fluoride, which 
cannot act as an acceptor. They apparently cannot ionize in the 
absence of an acceptor, for they do not ionize when in the pure 
liquid state. 

A comparison of the three liquids — ammonia, water, and hydro- 
gen fluoride — shows that ammonia is more basic than water, and 
water more basic than hydrogen fluoride. Ammonia reacts with 
water in a manner similar to the reaction of water with hydrogen 
fluoride, namely 


NH, + HaO - NH 4 + + OH - . 




HYDROGEN FLUORIDE AND ITS SOLUTIONS 


231 


Water acts as a donor to ammonia but as an acceptor to hydrogen 
fluoride. A strongly acid compound like hydrogen chloride acts 
as a donor to both ammonia and water but not to hydrogen 
fluoride, while a weaker acid compound like acetic acid acts as a 
donor to both ammonia and water but as an acceptor to hydrogen 
fluoride. The properties of a polar solvent are seen to depend not 
only upon the dielectric constant, but also upon the tendency to 
act as acceptor or donor of protons. Many of the properties of 
water are and have been explained by its ability to act in either 
capacity. Hydrogen fluoride apparently acts chiefly as a donor. 

THE SYSTEM BENZENE — HYDROGEN FLUORIDE 

The author (30) has made a study of the system benzene-hydro- 
gen fluoride in the region of a very low proportion of hydrogen 
fluoride. The solubility of hydrogen fluoride in the gas phase was 
measured in benzene over a range of both temperature and 
partial pressure of hydrogen fluoride over the solution. Figure 5 
shows the partial pressure of hydrogen fluoride in the gas phase 
plotted against its mole fraction in the solution. The straight 
lines in the graph represent the “ideal” solution, and so it is 
seen that the deviation from ideality is very great. This repre- 
sents an unusual type of solution with a large positive deviation 
from Raoult's law at the higher concentrations and a negative 
deviation in the more dilute solution. The positive deviation is 
to be expected, because of the great difference between the 
dielectric constants of the two compounds, but the negative 
deviation is a surprising result. 

A possible explanation of this phenomenon can be given by a 
consideration of the electric field surrounding the highly polar 
hydrogen fluoride molecule. When these molecules are in suffi- 
cient concentration to exert an influence upon one another, they 
will be mutually attracted and so tend to be removed from the 
solution. This explains the positive deviation from Raoult’s 
law at high concentration. When the concentration is so low that 
the distances between the molecules of hydrogen fluoride are 
great enough to make the mutual attraction small, then the 
electric field around each hydrogen fluoride molecule will attract 
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even the slightly polar benzene molecules and so cause the vapor 
pressure of hydrogen fluoride from the solution to be less than 
would be given by Raoult’s law. 

AQUEOUS SOLUTIONS OF HYDROGEN FLUORIDE 

Aqueous solutions of hydrogen fluoride have been more exten- 
sively studied than has the pure liquid. After a number of 
authors had favored either HF or H 2 F 2 as the formula for the 
undissociated molecules in aqueous solutions, Pick (24) suggested 
that the properties of hydrogen fluoride could be accounted for 
quantitatively as well as qualitatively by the assumption of the 
HF* - ion and the absence of the H 2 F 2 molecules. He explained 
the conductivity of dilute hydrofluoric acid solutions very well 
by this means. In a series of papers by Hudleston and his co- 
workers, it has been shown that this assumption would account 
for the experimental data obtained in transference (25), hydrogen 
ion activity (26), and freezing point lowering experiments (27), 
and also the solubility of sodium fluoride (28) in dilute aqueous 
solutions with a varying concentration of hydrogen fluoride. By 
using the assumption of the two equilibria 

[H + ] [Fi 

BF «= H+ + F- Ki - J - 7.4 X 10" 4 

IHFJ 


and 

BF + F--H*.- Jj2£L-4.7 

they have been able to explain this entire mass of data. Their 
work on freezing point lowering in particular gives no indication 
of H*F* but rather shows that, if it is present, it must be in 
extremely small concentration. Of course the existence of HF S “ 
is no indication of H^ any more than the existence of NHi+ is 
an indication of N 2 H 6 . 

The solubility of sodium fluoride in aqueous solution increases 
markedly as hydrogen fluoride is added to the solution, and then 
decreases as shown in figure 6. Jehu and Hudleston (28) have 
explained this with the above equilibria. As the hydrogen fluor- 
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ide is added, it reacts with the fluoride ioa and so increases the 
solubility of the sodium fluoride, the ionization of the hydrogen 
fluoride being small. When a sufficient concentration of HFr 
is reached, the addition of more hydrogen fluoride increases it 
above the solubility product of Na+ + HFr, and so reduces the 
solubility of sodium fluoride in the solution. 

Some unfinished experiments, which the author is conducting on 
the electrometric titration of aqueous solutions of hydrogen 



Fie. 6. Hydrogen Fluoride Solution in Benzene 

fluoride with solutions of potassium fluoride and ammonium 
fluoride, indicate that hydrofluoric acid is not a dibasic acid. 
This means that the ion HFr does not ionize to produce hydrogen 
ion and the ion Fr - . This may mean that in the ion HFr 
the connection is not made through the two fluorine atoms, 
but through the hydrogen after the manner of the hydrogen bond 
of Lewis. 

The knowledge of the HFr ion adds to our comparison of the 
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three polar liquids — amm onia, water, and hydrogen fluoride. 
Comparing the other two in solution in water, we find that 
ammonia is basic and so adds the positive hydrogen ion 

NH„ + H + = NH 4 + . 

Hydrogen fluoride, being acid, adds the negative fluoride ion, 

HF + F~ = HFs-, 

in an analogous reaction. It probably adds the fluoride ion in 
preference to the hydroxyl ion, as the fluoride ion is the more 
plentiful in aqueous hydrofluoric acid solutions. As the modern 
concept of a base is that it is not only a substance which will 
produce hydroxyl ions but also one that acts as an acceptor for 
hydrogen ions, so an acid can be considered not only as a sub- 
stance which acts as a donor of hydrogen ions, but also as a sub- 
stance which acts as an acceptor of its own negative ion. The 
strong tendency of hydrogen fluoride to act as an acid on this 
basis probably accounts for its being an apparently weak acid in 
aqueous solution. The fluoride ion in anhydrous hydrogen 
fluoride solutions is probably also solvated. 
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The amount of work which has been done with liquid hydrogen 
sulfide as a reaction medium is small, due chiefly to the fact that 
while hydrogen sulfide is an inorganic compound its properties 
when it is used as a solvent are more like those of an organic sub- 
stance. Very few inorganic substances are soluble in it. A second 
reason is that its boiling point of — 60°C. requires either that the 
experiments be carried out at a low temperature or that the mate- 
rial be sealed in tubes and the work be done at room temperature 
with a pressure of about twenty atmospheres. 

PREPARATION OF LIQUID HYDROGEN SULFIDE 

The apparatus used for the preparation of the liquid hydrogen 
sulfide is that of Antony and Magri as modified by Quam, and is 
shown in figure 1. The apparatus consists of three parts: a gen- 
erator for preparing the hydrogen sulfide, a purifying train, and a 
liquefaction and delivery reservoir. 

The gas is generated in the usual manner by the reaction of 
dilute hydrochloric acid on ferrous sulfide. The acid is stored in 
C, the sulfide in G and between the generator and the drier a 
pressure gauge is placed for protection against excess pressure. 

The gas is washed by passing it through water in two Dreschel 
bottles, Ki and K 2 , which remove any hydrochloric acid spray 
that may have been carried over. It is next partly dried by pass- 
ing through two bottles, Li and L s , containing calcium chloride 
and then through two bottles, Ni and N 2 , containing aluminum 
sulfide, and finally through two bottles, Oi and O*, containing 
phosphorus pentoxide. The aluminum sulfide not only removes 

237 



238 


JOHN A. WILKINSON 


water left from the calcium chloride, but also in doing so liberates 
an equivalent amount of hydrogen sulfide and takes out any 
hydrogen chloride set free from the calcium chloride. 

The condenser is in the form of a glass coil which is cooled by 
immersing it in a mixture of ether and solid carbon dioxide con- 
tained in a Dewar tube. By raising the levelling bulb it is pos- 
sible to get slightly more pressure for the liquefaction. The liquid 
collects in the larger part of the condenser P and may be forced 



Fig. 1. Apparatus for the Liquefaction" of Hydrogen Sulfide 

out from it into storage tubes or reaction tubes by closing the stop- 
cock T and allowing the gas pressure from the generator to force 
the liquid out through the tube R. If it does not start readily, 
it is only necessary to lower the Dewar tube for a little while, 
thus raising the temperature somewhat, whereupon the vapor 
pressure of the liquid will force the liquid out. 

PHYSICAL PROPERTIES OP LIQUID HYDROGEN SULFIDE 

The physical constants of liquid hydrogen sulfide are as follows : 
melting point, -82.9°; boiling point, -59.4°; critical tempera- 
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ture, 100.4°; critical pressure, 89 atmospheres; density of the 
liquid at —60°, 0.96; dielectric constant, 10.2; viscosity, 0.00412 
dynes per centimeter ; surface tension, 25.434 dynes per centimeter. 

LIQUID HYDROGEN SULFIDE AS A SOLVENT 

The first extensive study of the solvent power of liquid hydro- 
gen sulfide was made by Walker, McIntosh, and Archibald (1), 
who reported the solubility of some ninety organic compounds 
including hydrocarbons, halides, acids, esters, acyl chlorides, 
nitriles, alcohols, ethers, aldehydes, ketones, nitro and amino 
compounds. 

Antony and Magri (2) reported that as a solvent liquid hydro- 
gen sulfide does not resemble water very much but resembles more 
carbon disulfide, alcohol, ether and benzene. Salts of metals 
with strong acids are insoluble in it, while nonmetallic substances 
in general are soluble. The halides of the nonmetals, nitrogen 
compounds such as naphthylamine and nitronaphthalene, hydro- 
carbons, alcohols and ethers are soluble. Salts of metals such 
as copper and lead, and oxidizing agents such as chromates, 
dichromates, chromic acid and permanganates, are unchanged in 
liquid hydrogen sulfide. Solid bromine reacts and iodine dis- 
solves to give a dark red solution. 

Quam (3) repeated some of this work and extended it to a large 
number of compounds, both organic and inorganic. In his study 
he divided the compounds into four groups according to their 
ability to dissolve in hydrogen sulfide and react with it. His work 
brought out very well the fact that the substances which dissolve 
best in liquid hydrogen sulfide are organic in character. 

The first group, containing the substances which are soluble 
without apparent reaction, consists chiefly of organic compounds, 
with the exception of hydrogen chloride, hydrogen bromide, 
zinc chloride and a few sulfides. Aluminum chloride should be in 
this group instead of the last, as it is somewhat soluble and 
nonreactive. 

In the second group are given the compounds that are soluble 
and react for one of three reasons: (a) because of their oxidizing 
power; (6) because of the presence of an amino group; or (c) 
because thiohydrolysis takes place. 
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The third group contains those elements and compounds that 
are insoluble but react with the hydrogen sulfide. Any reaction 
is due either to oxidation or to the formation of a sulfide of the 
metal. 

The last group, which contains the substances which are insol- 
uble and nonreactive, consists almost entirely of inorganic bodies, 
with the exception of the carbohydrates. Contrary to what one 
might expect, the sulfides of both metals and nonmetals are 
insoluble in hydrogen sulfide, with the exception possibly of 
ammonium hydrosulfide, and its solubility is quite low. Another 
striking thing shown by the table is the insolubility of the metal 
salts, such as the chlorides, and the solubility of the chlorides of 
the nonmetals in groups four, five and six of the periodic table. 
With the exception of carbon tetrachloride these chlorides are all 
hydrolyzed in water, some of them almost completely. In liquid 
hydrogen sulfide, however, they are quite stable except when their 
oxidizing power causes decomposition. Ralston determined the 
solubility of thiol and dithio organic acids in liquid hydrogen 
sulfide and found that they were all very soluble. 

CONDUCTANCE IN LIQUID HYDROGEN SULFIDE 

The conductance of pure liquid hydrogen sulfide was deter- 
mined first by Magri (4), who reported the specific conductance as 
less than 4.1 X 10 _7 . Quam and Wilkinson (5), using a very 
sensitive galvanometer and a 110 volts D.C. current, reported it 
as less than 1 X 10 -u . Satwalekar, Butler and Wilkinson (6) 
with a similar set-up obtained a value of 3.7 X 10~ u . The con- 
ductance of a good grade of conductivity water is about 0.7 X 
10“*, showing that the value for the conductance of pure water is 
about 20,000 times greater than it is for liquid hydrogen sulfide. 

Walker, McIntosh, and Steele (7) tried the conductance of 
solutions in hydrogen sulfide of a very large number of organic 
compounds, and found them all to be very poor conductors. The 
only solutions that showed appreciable conductance were those of 
piperidine, pyridine, quinoline and nicotine. These substances are 
all basie in nature and with the hydrogen sulfide form addition 
compounds which are sulfides and which are dissociated. Ace- 
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tonitrile, aldehydes, and ketones unite with hydrogen sulfide and 
therefore their solutions conduct slightly. Antony and Magri (2) 
tried the conductance of a number of substances in liquid hydro- 
gen sulfide and found that many nonmetallie compounds are 
soluble and give conducting solutions: a solution of iodine is a 
good conductor; one of phosphorus triiodide is less good; solutions 
of chloroform and of tetramethylammonium chloride also con- 
duct. Chipman and McIntosh (8) found that solutions of iodine 
and of antimony trichloride showed good conductance, as did 
also those of tripropylamine and isobutylamine. The curves 

TABUS 1 


Conductances of saturated solutions of some inorganic halides in liquid hydrogen 

sulfide 


SUBSTANCE! 

(x X io«) 

HgCla 

0.031 

SnCl 4 

0.106 

SiCl* 

' 0.129 

ZnCla 

0.634 

HC1." 

0.881 

AsC1 8 

1.15 

Aids . . 

2.09 

HgBra* , 

5.16 

Hgl* 

9.99 

FeCls.... 

209.9 

SbCl a 

424.0 

0.02 N KOI (in HaO) 

2397.0 



show that the equivalent conductance increases with increase in 
concentration, which is the reverse of what takes place in water 
solutions. With iodine the usual form of curve is obtained. 
When equivalent conductance increases with concentration it is 
assumed that a compound has been formed between the solute 
and the solvent. Walden (9) accounted for the conductance of 
the iodine solutions of this nature by the ionization of the iodine 
molecule into 1+ and I - , which conduct the current. 

Because of the very high resistance of solutions in liquid hydro- 
gen sulfide, special cells were constructed with low cell constants. 
The platinum electrodes were 18 mm, square and were separated 
and held about 2 mm. apart by small glass rods fused between 
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them. The unit was held rigidly in place by forcing a small glass 
tube in between the electrode and the cell wall. 

The specific conductances of saturated solutions of a few of the 
inorganic bodies which are soluble in liquid hydrogen sulfide were 
determined by Ralston (10) and are given in table 1. For com- 
parison the conductance of a 0.02 N KC1 solution in water is 
given. 


TABLE 2 


Conductances of halides in liquid hydrogen sulfide (X X 10 s ) 


MOLAR 

CONCENTRATION 

PCI* 

FBrs 

AsCl* 

SbCla 

0.01 



1.2343 

165.7 

0.05 




583.6 

0.0538 


0.6643 



0.069 

0.2055 




0.1 

i 


1.6387 

14148.3 

0.1086 


0.365 



0.162 


0.1679 



0.20 



1.918 


0.2155 






TABLE 3 


Conductances of solutions of alkyl ammonium chlorides (X X IQ 3 ) 


MOLAR CONCENT RATION 

CHsNHsCl 

(CHj)jNHaCl 

(CbHi)«NHCl 

0.0104 



1532.7 

0.0113 


641.5 


0,0133 

21.25 



0.0140 



8357.0 

0.0340 


15256.0 


0.0448 



42969.0 

0.0468 

78.42 



0.0508 



66004.0 

0.0544 

132.6 


» 


The equivalent conductances of the chlorides of the phosphorus 
family were determined by Quam (5) and the values are shown in 
table 2. These chlorides are all hydrolyzed readily in water, but 
in liquid hydrogen sulfide many of them are stable without under- 
going thiohydrolysis. The conductance increases with the in- 
crease in the atomic weight of the element until bismuth is reached. 
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but the conductance of bismuth trichloride in liquid hydrogen 
sulfide is zero. The conductances of both the arsenic and the 
antimony chlorides increase with increasing concentrations, as 
was found by Chipman and McIntosh (8) . 

Since the solubility of ammonium chloride in liquid hydrogen 
sulfide is practically zero, the conductance is also zero. If the 
hydrogen atoms are substituted by alkyl groups, the solubility 
increases and the conductance also. The values obtained by 



Fig. 2. Equivalent Condtt ctances of Thio Acids in Liquid Htobogen Sulfide 
(I) Thiolacetic acid; (2) dithioacetic acid; (3) dithiopropionic acid; (4) dithio- 
isobutyric acid; (S) dithiovaleric acid; (8) dithioisocaproic acid; (7) dithiobeszoic 
acid. 

Quam for the equivalent conductances (5) of hydrogen sulfide 
solutions of alkylammonium chlorides are shown in table 3. 

CONDUCTANCE OF THIOACIDS 

A number of thiol and dithio organic acids were prepared and 
their equivalent conductances in hydrogen sulfide were deter- 
mined by Ralston at different dilutions. The results obtained 
are shown in the curves in figure 2. 
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In the homologous series the conductance decreases with in- 
creasing molecular weight with the exception of propionic acid, 
whose conductance is apparently lower than it should be for the 
series. However the same is true for the oxygen acids dissolved 
in water as the value for propionic acid is low there also. 

For comparison, these values and the values for the similar 
oxygen acids dissolved in water at similar dilutions (32 liters) are 
given in table 4. It will be observed that the values for the oxy- 
gen acids in water solutions are from 1000 to 10,000 times greater 
than for the thio acids in liquid hydrogen sulfide. Benzoic acid 
dissolved in water is a fairly strong acid, but the dithiobenzoie 


TABLE 4 


Comparison of the conductance of thio acids and oxygen acids 


in water 

X 

IN HYDROGEN SULFIDE 

Acetic 

8.7 

7.4 

7.9 

7.7 

7.5 

22.3 (64) 
42.1 

Dithioacetic 

Propionic 

Dithiopropionic 

Isobutyric. . . 

Dithiobutyric 

Valeric 

Dithiovaleric 

Isocap roic 

Dithioisocaproic 

Benzoic. 

Dithiobenzoie. 

Thiolacetie 

Thiolacetie 




xxio» 


1.00 

0.41 

0.72 

0.57 

0.62 

0.22 

1.29 


acid dissolved in hydrogen sulfide is quite weak. Thiolacetie 
acid is a much stronger acid when dissolved in water than when it 
is dissolved in hydrogen sulfide. 

The decomposition voltage of a solution of antimony chloride 
dissolved in liquid hydrogen sulfide is 1.9 ± .1 volts. None of 
the other halides soluble in liquid hydrogen sulfide gave a repro- 
ducible value for its decomposition voltage. 


THIOHYDROLYSIS 

Thiohydrolysis of chlorides 

The metathetical reaction between hydrogen sulfide and other 
substances has been called thiohydrolysis to bring out its rela- 
tionship to hydrolysis. The reaction with the chlorides, espe- 
cially those of Hie elements in the fourth, fifth and sixth groups of 
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the periodic table, brings out the s imil arities and also the differ- 
ences in the two reactions. Carbon tetrachloride is insoluble in 
water but miscible with liquid hydrogen sulfide in all proportions, 
and reacts with neither of the solvents. All of the other chlorides 
in the fourth group hydrolyze in water to form the insoluble hy- 
drated oxides, while in hydrogen sulfide they all dissolve with but 
very little action. 

In the phosphorus family the chlorides of phosphorus and 
arsenic hydrolyze in water to form soluble acids, while the chlor- 
ides of antimony and bismuth hydrolyze to form the insoluble 

TABLE 8 


Thiohydrolysis of halides 


COMPOUND ADDED 

COMPOUND FORMED BY THIOXXYDROLYSIS 

COMPOUND FORMED BY HYDROLYSIS 

SiCl 4 

SiCl 4 is soluble in H a S, but 
does not react 

Si(OH) 4 Si0 2 + 2H s O 

TiCl 4 

ZTiCU-HsS TiCl s +S 

Ti(OH) 4 TiO a + 2HiO 

SnCl 4 

SnCl 4 dissolves in HgS. 
There is a slight reaction 
forming SnS 2 

Sn(OH) 4 Sn0 2 +2H*0 

PC1 3 

P*S 8 

P(OH) s 

PCls 

PSCls 

POCls 

AsCls 

As a S 8 

AsOCl'HsO HsAsOa 

SbCl 8 

SbSCl*7SbCl 8 

SbOCl 

SbCl 5 

SbSCla 

H 8 Sb0 4 SbOCl, 

Bids 

BiSCl-BiCl 8 I 

BiOCl 

SeCl 4 

SeSCla Se 2 Cl* Se 4- S 

H 2 SeO s 

TeCU. 

TeCU + S Te + S ! 

H 2 Te0 8 


oxychlorides. In hydrogen sulfide phosphorus trichloride reacts 
very slowly at low temperatures, but at room temperatures both 
phosphorus trichloride and arsenic trichloride react to give the sul- 
fides immediately. Antimony trichloride dissolves at room tem- 
perature but does not react in the liquid state, although it will 
react with the vapor when the liquid is removed to form the com- 
pound SbSCl-7SbCl 8 . Bismuth trichloride reacts immediately 
with the hydrogen sulfide to form the compound BiSCl-BiCl*. 

The chlorides of elements in the sixth group of the periodic 
table are all hydrolyzed in water and thiohydrolyzed in hydrogen 
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sulfide. None of the products formed are simple, but those result- 
ing from the thiohydrolysis are the more complex because of the 
reducing power of the hydrogen sulfide. A comparison of these 
reactions is given in table 5. 

Thiohydrolysis of esters (11) 

Just as esters are hydrolyzed in water solution so are they 
thiohydrolyzed in liquid hydrogen sulfide. In order to make the 
comparison more complete the esters of thiolacetic acid were used 



3 m 

M o lecular Concentration 

Fig. 3. Hydrolysis op Methyl Thiol acetate 
00 Ester; (£) ester plus mercaptan; (3) per cent hydrolysis. 

rather than the oxygen acid esters. The products of the reactions 
are the thiol acids and the thioalcohols or mercaptans. The de- 
gree of hydrolysis was measured by determining the conductance 
of the solution of the ester alone in hydrogen sulfide and then of 
the ester solution saturated with the mercaptan. The calculation 
of the degree of hydrolysis is made by the following expression 
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where h is the degree of hydrolysis, X» is the conductance of the 
ester solution, X a the conductance of the acid of the same concen- 
tration and X the conductance of the ester solution saturated with 
the mercaptan. The mercaptan was found to be a nonconductor 
when dissolved in the hydrogen sulfide. The value X is therefore 
the conductance of the unhydrolyzed ester. Xe is the conductance 
of the ester which has not been thiohydrolyzed, increased by the 
conductance of the acid that has been formed by the thiohydroly- 
sis, while X a is the value for the conductance if all of the ester has 
been thiohydrolyzed. The curves which were obtained for the 
thiohydrolysis of methyl thiolacetate are given in figure 3, and 
the data for several of the other esters which were studied are 

TABLE 6 

Thiohydrolysis of esters of thiolacetic acid in liquid hydrogen sulfide 


PBB CENT OF HYDROLYSIS 



10 liters 

5 liters 

2 liters 

Methyl thiolacetate 

4.52 

2.80 

1.22 

Ethyl thiolacetate 

10.10 

8.56 

5.24 

n-Propyl thiolacetate 

49.3 

17.2 

11.7 

Isopropyl thiolacetate 

30,8 

68.0 

20.5 

18.2 

n-Butyl thiolacetate 

56.7 

53.3 



given in table 6. It is to be noticed that as the molecular weight 
of the ester increases the per cent of thiohydrolysis increases. 

REACTIONS WITH LIQUID HYDROGEN SULFIDE 

There is some disagreement as to the reaction between liquid 
sulfur dioxide and liquid hydrogen sulfide. It is well known that 
in the gaseous condition they react to form water and free sulfur. 
Lang and Carson (12) reported that when the two substances 
were mixed and kept cold, sulfur separated out. Mathews (13) 
reported that unless some third substance, such as water, alcohol, 
ether, amyl alcohol, acetone, amyl acetate or ethyl acetate is 
present in the liquid phase to act as a solvent, no reaction takes 
place. It has been the experience in this laboratory that the two 
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liquids do not react at low temperatures but that as the tempera- 
ture rises they react with explosive violence. 

The hydrogen sulfide and sulfur dioxide were dried with phos- 
phorus pentoxide and the tubes were cleaned and dried with 
alcohol and ether and then dried by passing warm air, dried with 
phosphorus pentoxide, through them. The sulfur dioxide and 
hydrogen sulfide were condensed directly in these dried tubes 
which had been cooled to — 78.5°C., and the tubes were sealed 
immediately. As long as the tubes were kept cold no reaction 
took place, but when the tubes were removed from the cooling 
bath and the temperature allowed to rise every tube exploded. 
Such a tube was placed behind a glass screen and the progress of 
the reaction watched. Within five minutes from the time it was 
removed from the cooling bath it exploded. The reaction started 
at the boundary of the two liquids and increased in violence until 
the pressure was great enough to burst the tube. 

Calcium oxide reacts with liquid hydrogen sulfide to form a 
mixture of calcium sulfide and calcium hydrosulfide. The 
mixture loses hydrogen sulfide very readily and one cannot obtain 
a homogeneous sample. Similarly, calcium carbide reacts with 
hydrogen sulfide to liberate acetylene and form a white solid 
which analysis indicates is calcium sulfide. There is also formed a 
small amount of a light yellow liquid which was thioacetaldehyde. 

Cahours (14) treated furfuramide, dissolved in alcohol, with 
hydrogen sulfide gas and obtained a yellow crystalline substance 
whose analysis indicated it to be thiofurfural (C 10 H 4 S 2 O 2 ). 
Baumann and Fromm (15) isolated a similar substance by passing 
hydrogen sulfide into an alcoholic solution of furfural. If the two 
liquids are sealed in a tube and allowed to come to room tempera- 
ture and then to stand for a few days the mixture solidifies to a 
yellow crystalline mass. Two samples of this material, recrystal- 
lized from ethyl acetate, melted between 95° and 98° and con- 
tained 28.74 per cent and 28.57 per cent of sulfur. Baumann and 
Fromm reported a melting point of 90-92°. The theoretical per 
cent of sulfur in thiofurfural is 28.6. • 

Fur an, furfuralcohol, pyromucic acid and the ethyl and nitro- 
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ethyl esters of pyromueic acid all were treated in a similar manner 
with hydrogen sulfide. None of them reacted with it, thus indi- 
cating that it is the aldehyde oxygen that is replaced and not the 
oxygen in the ring. Borgeson (16) has shown that this reaction 
is characteristic of all aldehydes. He has also shown that acyl 
halides first undergo thiohydrolysis, and that the oxygen is then 
replaced by sulfur to give either the dithio acid or its anhydride. 

Nitriles also thiohydrolyze to give the dithio acids. This is 
one of the easiest methods of preparing the dithio acids. The 
reaction is catalyzed by the presence of hydrochloric acid just 
as is the similar reaction with water. The reaction may be repre- 
sented as follows : 

CH»CN + HaS = CKzof 

\NH, 


CSto/ 8 + H& = 

X NH S 

CH>C«f S + Ha = CH 3 C*f 8 + NHtCl 
X SNH< X SH 

Since the ammonium chloride is insoluble in liquid hydrogen sul- 
fide it separates out in the tube as a white solid, while the dithio 
acids are soluble. The following nitriles have been found to 
undergo this reaction: aceto-, propio-, valero-, succino- and 
benzo-nitrile; of these the last one reacted the most rapidly and 
gave the highest yield. 

The Grignard reagents will react in liquid hydrogen sulfide just 
as easily as in water. Ethyl magnesium bromide and naphthyl 
magnesium bromide were treated with liquid hydrogen sulfide 
and the resulting hydrocarbons identified. The composition of 
the solid magn esium compound is quite variable, depending en- 
tirely upon the concentration of reagents used and the relative 
amount of hydrogen sulfide. 


CHaC ; 


c 



250 


JOHN A. WILKINSON 


REFERENCES 

(1) Walker, McIntosh and Archibald; J. Chem. Soc. 85, 1098 (1904). 

(2) Antony and Maori: Gazz. chim. ital. 35, 206 (1905). 

(3) Quam: J. Am. Chem. Soc. 47, 103 (1925). 

(4) Maori: Atti. accad, Lincei 16, 516 (1907). 

(5) Quam and Wilkinson: J. Am. Chem. Soc. 47, 989 (1925). 

(6) Satwalekar, Butler and Wilkinson: J. Am. Chem. Soc. 52, 3045 (1930). 

(7) Walker, McIntosh and Steele: Proc. Roy. Soc. (London) 73, 450 (1904). 

(8) Chipman and McIntosh: Proc. Trans. Nova Scotian Inst. Sci. 16, (Pt. 4), 

188(1927). 

(9) Walden: Z. physik. Chem. 43, 385 (1903). 

(10) Ralston and Wilkinson: J. Am. Chem. Soc. 50, 258 (1928). 

(11) Ralston and Wilkinson: J. Am. Chem. Soc. 60, 2160 (1928). 

(12) Lang and Carson: Proc. Chem. Soc. 21, 158 (1905). 

(13) Mathews: J. Chem. Soc. 129, 2270 (1926). 

(14) Cahours: Ann. 69, 85 (1849). 

(15) Baumann and Fromm: Ber.24, 3591 (1891). 

(16) Borgeson and Wilkinson: J. Am. Chem. Soc. 51, 1453 (1929). 



NON-AQUEOUS REDUCTION REACTIONS 

CHARLES A. KRAUS 

Department of Chemistry, Brown University , Providence , Rhode Island 
Received February 2, 19S1 

I. INTRODUCTION 

The early investigators in the field of non-aqueous solutions 
were concerned chiefly with the study of the physical properties 
of such solutions. At the time — some thirty or more years ago — 
the theory of electrolytic solutions bulked large in the eyes of 
physical chemists and, while this theory had met with many 
notable successes, certain inconsistencies had been discovered 
that not only halted further progress but also threatened the 
general acceptance of the theory. It was hoped that the study 
of solutions — particularly of electrolytes — in non-aqueous sol- 
vents might throw light on the problem of electrolytic solutions 
generally and thus assist in the solution of the problem of aqueous, 
solutions of electrolytes. To what extent these early hopes have 
been realized I shall not attempt to state, but, in any case, a 
great many investigators were led to study non-aqueous solutions 
and an extensive literature of the subject has developed. Per- 
haps the chief result has been to show that nearly all liquid media 
are capable of dissolving suitable electrolytes and of forming 
electrolytic solutions. On the other hand, it is now evident that 
few solvents are capable of dissolving ordinary salts quite 
generally. 

The problem of electrolytic solution served to focus the atten- 
tion of chemists on the physical rather than on the chemical 
properties of non-aqueous solutions. As a result we have, even 
today, only a fragmentary knowledge of the chemistry of solu- 
tions in solvents other than water. But, however complete our 
knowledge of the physical properties of non-aqueous solutions, 
may be, these solutions will play only an unimportant r61e in 
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chemistry unless it can be shown that such solutions enable us to 
carry out important chemical reactions and processes that are 
not possible otherwise. As yet, little has been done to develop 
systematically the chemistry of solutions in non-aqueous sol- 
vents. Until this has been done it will be difficult to predict 
what will be the future of the chemistry of non-aqueous solutions. 
It is evident, however, that the number of solvents that give 
promise of extensive development as media for chemical reac- 
tions is very limit ed. Such solvents must be available in quantity 
at low cost, must permit of fairly ready manipulation and, finally, 
must be capable of dissolving a variety of chemically active sub- 
stances. At the moment, only liquid ammonia and liquid sulfur 
dioxide seem to meet these requirements. 

Despite this limited choice of non-aqueous solvents, there is 
good reason for believing that many reactions can be carried out 
more conveniently and efficiently in certain non-aqueous sol- 
vents than in water. To illustrate the importance of studying the 
chemistry of non-aqueous solutions, I shall discuss certain reduc- 
tion reactions in liquid ammonia. Similar reactions may be 
carried out in other solvents, particularly the primary aliphatic 
amines. Although our knowledge of these reactions is still 
quite incomplete, the material already available is too extensive 
to permit of a full discussion here. It is hoped, however, to show 
that many new reactions are made possible by the use of liquid 
ammonia as a solvent and that new points of view are presented 
with respect to otherwise familiar reactions. 

Liquid ammonia and the lower primary amines are unique in their 
power to dissolve the alkali metals and the metals of the alkaline 
earths (1). It has been shown that in these solutions the metals 
are ionized into normal positive ions and negative ions which 
are the same for all metals (2). These negative ions have been 
identified as electrons in solution. As was to have been expected, 
the electrons in solution are very active chemically, and, since 
the combination of an electron with an atom constitutes reduc- 
tion, these metal solutions constitute the strongest reducing 
agents that we have at our disposal for reduction in a homoge- 
neous phase. 
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It may be pointed out that, while water is well adapted as a 
medium in which to carry out reactions with strong oxidizing 
agents, it is not well adapted to carrying out reactions with strong 
reducing agents. The reducing power of reducing agents in 
water is limited by the fact that stronger reducing agents than 
hydrogen set hydrogen free from water. 

The strongest reducing agents that we have are the alkali 
metals and, since these metals either react with nonmetallic sol- 
vents or are insoluble in them, reductions by means of the alkali 
metals are greatly restricted in their application. As a result, 
the field of reduction reactions by means of strong reducing 
agents remains largely unexplored. In the study of such reac- 
tions, the solutions of the metals in liquid ammonia offer the 
only available means for systematic investigation. 

The process of reduction by means of metals in liquid ammonia 
consists essentially in the combination of an electron with an 
atom (or group of atoms) or an ion. The positive ions of the 
metals are, of course, also present but they take no part in the 
reaction. The positive ions possess no metallic properties, and 
they are concerned in the process of reduction only to the extent 
of supplying the counterbalancing electrical charge for negative 
ions. When an atom undergoes reduction, a negative ion is 
formed. When a positive ion is reduced a neutral atom or group 
is commonly framed. Below are discussed some typical examples 
of various types of reduction reactions. 

n. MBTATHETIC REACTIONS 

There are numerous reactions of the metals that are of the 
metathetic type. If we add an alkali metal, Mie, to a salt, M*X, 
of anQther metal, we have in solution the ionic species: Mi+, 
M* + , X - and e - , where e~ represents the electron. By meta- 
thesis, four binary ionic combinations are possible ( 3 ), namely: 
MiXi, M 2X4, M x e and M a e. No reaction will occur unless one of 
the binary products is removed from solution. For example, on 
treating sodium chloride with metallic potassium, we have the 
possible reaction: 

K + + e~ + Na + + Cl~ — > KOI + Na+ +&-—»■ Nae 
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If the solution is dilute, no reaction occurs; but, if the solution is 
concentrated, reaction takes place from left to right because 
potassium chloride is the least soluble of the four possible binary- 
products and is precipitated. The sodium ions, together with 
the electrons, remain in solution, from which they may be re- 
covered as metallic sodium by evaporating the solvent. 

A better example of metathesis is the reduction of sodium from 
sodium iodide by means of magnesium (4). Here the reaction 
proceeds as follows: 

Mg++ + 2e~ + 2Na+ + 2I~ -» Mgl s + 2Na + + 2e~ — ► 2Nae ■ 

Sodium is reduced from its iodide by means of magnesium because 
of the very low solubility of magnesium iodide, even though 
metallic magnesium is only slightly soluble in liquid ammonia. 

A corresponding reduction occurs when sodium (or potassium) 
amide is acted upon by less electropositive metals that are not 
measurably soluble in liquid amm onia, such as aluminum (5). 
Thus we have the reaction : 

A1+++ + 3e- + 3Na + 4- 3NH," -» A1(NH»), + 3Na+ + 3e~ -> 3Nae 

The reaction proceeds as it does because of the very low solubility 
of aluminum amide. Similar reactions occur in the case of other 
elements such as beryllium, manganese and zinc. 

Another type of metathetic reaction is that in which a weakly 
positive metal is reduced from its salt by means of an alkali 
metal (3). The reduction of silver from its salts by means of 
sodium may serve as example (6). Here we have the ionic 
reaction: 


Ag+ + X- + Na + + e~ -» Na+ + X~ + Age 

The symbol Age represents neutral or metallic silver. Hie reac- 
tion occurs because of the low solubility of metallic silver, Age. 

in. BEACTION OF ELECTRONS WITH NEGATIVE ELEMENTS 

If an electronegative element is introduced into a solution 
containing electrons (metal), the atoms of this element combine 
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with the electrons to form negative ions. In other words, a salt 
is formed. Thus, for example, in the case of sulfur (7), we have 
the reaction: 

S + 2e- + 2Na+ -»• 2Na+ + S— NfaS 

Sodium sulfide is only slightly soluble in liquid ammonia and is 
therefore precipitated. It should be pointed out, however, 
that the normal sulfide combines readily with additional sulfur 
atoms to form soluble polysulfides, thus: 

Na a S + xS - Na 2 S • Sx 

Sodium sulfide and the polysulfides are well known and the 
reaction of electrons with sulfur presents nothing essentially new. 
However, while in aqueous solution the representatives of the 
poly type of salts are very limited, in liquid ammonia they are 
quite numerous. They may all be formed by the direct inter- 
action of electrons with electronegative or amphoteric elements 
(8). For example, if metallic lead is treated •with a solution of 
sodium in liquid ammonia, the electrons are taken up directly by 
the lead atoms to form a normal plumbide according to the 
equation: 


Pb + 4Na+ + 4e- - NaJPb 

The normal plumbide, like the corresponding sulfide, is insoluble 
in liquid ammonia and, like the sulfide, reacts with additional 
lead atoms to form soluble polyplumbides (9). If lead is present 
in excess, we have the reaction: 

Najb + 8Pb - NmPb, 

The compound, NaJPb 0 , is a metallic alloy in the pure state. 
It may be obtained from the solution by evaporating the solvent, 
and it is redissolved when the solvent is again added. Although 
this polyplumbide is a metallic alloy in the pure state, it is a 
true salt in solution. If a solution of the plumbide, NaJPb®, is 
electrolyzed between lead electrodes, 2i atoms of lead are dis- 
solved at the cathode and precipitated on the anode per equiva- 
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lent of electricity (10). This shows conclusively that the plum- 
bide in solution is a true electrolyte and that it comprises an 
anion in which nine atoms of lead are associated with four nega- 
tive charges of electricity. 

Just as the metallic elements, when dissolved in liquid am- 
monia, dissociate into normal positive ions and a common nega- 
tive ion, the electron, so the metallic compounds, when dissolved 
in ammonia, dissociate into normal positive and negative ions, 
the latter comprising the more electronegative constituent of the 
compound. 

Soluble salts of the poly type are formed quite generally by 
the direct interaction of electrons with the elements of the fourth, 
fifth and sixth groups (11). The only exceptions are silicon, 
carbon and perhaps oxygen. Oxygen reacts directly with the 
alkali metals in liquid ammonia solution to form, in the first in- 
stance, dioxides which, in the case of potassium, rubidium and 
cesium, are further oxidized to tetroxides (12). 

XV. REACTION OP ELECTRONS WITH NEGATIVE ELEMENTS XN 
ORGANIC COMPOUNDS 

If we have a compound containing electronegative elements 
not in the ionic condition, reaction ordinarily takes place with 
electrons, the negative elements going into the negative ionic 
condition (13). Familiar examples are the organic halidAs of the 
type RX, where R is an organic group and X is a halogen. Such 
compounds react with the alkali metals in liquid ammnnia solu- 
tion according to the equation: 

EX + N&+ + e- - Na+ + X" + R, 

The halogen invariably goes into the state of a negative ion and 
remains in solution, or is precipitated in the form of the corres- 
ponding salt of the alkali metal. This reaction of electrons with 
halogens occurs even in the case of highly halogenated organic 
compounds and serves as a convenient method for the analysis 
of organic compounds for the halogens (14). 

The organic residue, R, reacts variously, depending upon its 
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nature. In some instances, two groups polymerize (15) according 
to the equation: 

R R ■ R — R (1) 

More frequently, however, the organic group reacts with the 
solvent. The final products are in accordance with the reaction 
equation: 


25, + NH, - RH + RNH S (2) 

It is possible that in some instances the mechanism of the reaction 
actually corresponds to that of equation 2. It is probable, 
however, that in most cases, reaction takes place as follows: 

R + Na+ + e~ = NaR (3) 

In other words, a salt of the organic group is formed (15, 16). 
Such salts are not usually stable in the presence of liquid ammonia 
-and ammonolysis occurs according to the equation: 

NaR + NH, - NaNH, + RH (4) 

The resulting amide in turn reacts with the original organic 
halide according to the equation: 

RX + NaNH, - NaX + RNH, (5) 

We have some direct evidence that the organic group, K,, does 
not react directly with ammonia according to equation 2. For 
example, when tetramethyl tin is treated with sodium in liquid 
ammonia, we have the reaction: 

(OH,),Sn + 2Na+ + 2e“ + NH, = NaSn(CH,), + NaNH, + CH, (fi) 

Since, in this reaction, there is present no substance with which 
sodium amide reacts, the formation of the amide becomes evident 
(17). It is probable that in other reactions, such as those of the 
organic halides, the hydrocarbon is formed, as it is in the case 
of tetramethyl tin, by ammonolysis according to equation 4, 
while an amine is formed as the result of the action of sodium 
amide on the original unreacted halide according to equation 5. 
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In the ease of certain aromatic carbon derivatives, the inter- 
mediate formation of a more or less stable sodium salt is clearly 
evidenced by the formation of colored solutions, the color being 
due to the presence of these salts (18). This is, for example, the 
case •with triphenylmethyl derivatives. If triphenylmethyl chlor- 
ide is reduced by means of sodium, the following reaction occurs: 

(C„H 5 )sCC 1 + 2Na+ + 2e~ - NaCl + NaC(C 8 H 6 ), 

Sodium triphenylmethide is soluble in liquid ammonia, to which it 
imparts an intense red color. If this solution is evaporated, 
there are left behind, in addition to sodium chloride, sodium amide 
and triphenyl methane (19). In other words, ammonolysis 
occurs with the generation of the hydrocarbon and sodium amide 
according to the equation: 

NaC(CeHj)j + NH, -> NaNH* + (C,H e )»CH 

With the exception of triarylmethanes, the electrons do not 
react with the saturated hydrocarbons (20). They do not react 
with the doubly bonded aliphatic hydrocarbons, but they fre- 
quently react with aromatic hydrocarbons containing double 
bonds. Thus, they react with diphenyl (21) and with naphtha- 
lene (22). What happens is that the double bond is broken 
according to the equation: 

— RC=CR— + 2Na+ + 2e“ ■ • 2Na+ + — RC— CR- 

e" e~ 

There is formed a disodium salt which, in general, will be more or 
less completely ammonolyzed. Frequently one of the valences 
undergoes ammonolysis, while the other remains stable. Men- 
tion might also be made of the fact that the aryl ketones react 
with the alkali metals to form solutions of the metal ketyls (23). 
The alkali metals react with many organic compounds containing 
sulfur, selenium, nitrogen, phosphorus, tin, lead, etc. The or- 
ganic oxygen compounds are, in general, rather stable toward the 
electrons in ammonia. Thus, the alkali metals do not react with 
the ethers and, in many cases, probably not with the carboxyl 
group of acids (20). 
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V. REACTION OP ELECTRONS WITH COMPOUNDS CONTAINING 
AMPHOTERIC ELEMENTS 

An amphoteric element A of valence re, of which re— 1 valences 
are satisfied by hydrocarbon groups, forms compounds of the 
type R«_iAX, where X is an electronegative element or group. 
Such compounds are reduced to the free state by means of elec- 
trons in liquid ammonia. The free radicals, R»_iA, may be 
further reduced to salts of the type NaAR*_i. The reactions may 
be written as follows: 

Rn_x AX + Na+ + e- -*• NaX + R»_i A 

R»-i A + Na + + e~ — * Na+ + R»_i A". 

Salts of the type NaAR„_i are well known in the case of oxygen. 
The alcoholates and phenolates are familiar examples. Salts of 
oxygen acids belong to this class of substances, the organic sub- 
stituent consisting of an RCO — group. Corresponding com- 
pounds of other elements are not well known. Themercaptides, 
RSNa, are known, but the corresponding compounds of elements 
of the fourth and fifth groups have received little attention. It 
may be stated, however, that all the elements of the fourth, fifth 
and -sixth groups form stable salts of the type NaAR*-! and many 
of them form the free groups, AR„-i, which usually exist in the 
bimolecular form. 

In recent years groups of the type R*A, derived from the ele- 
ments of the fourth group, have been extensively studied. The 
groups in the free state resemble the triarylmethyls. They form 
salts with the alkali metals in liquid ammonia that are analogous 
to the metal alkyls of Schlenck. For the elements silicon (24), 
germanium (25), and tin (26), organic derivatives corresponding 
to the metal alkyls have been prepared by reduction by means of 
the alkali metals in liquid ammonia or ethylamine. 

In the case of germanium, sodium germanyl, NaGeH*, the 
analog of sodium methyl, has been prepared (27). Monogennane, 
GeEU, reacts directly with sodium in liquid ammonia to form 
sodium germanyl according to the equation: 

GeH* + Na + + e“ -+ Na+ + H,Ge” + 1/2 Hj 
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Sodium germanyl is a colorless salt which is readily soluble in 
liquid ammonia and whose solutions conduct the electric current 
with considerable facility. It is entirely stable in solution and 
shows no tendency to ammonolyze. The corresponding deriva- 
tives of heavier elements of the fourth group would probably not 
prove stable. 

Since compounds of the type RjANa have been prepared in the 
case of silicon, germanium and tin, it is of interest to compare 
their properties. The silicon derivatives show a markedly greater 
tendency to ammonolyze than do the corresponding derivatives of 
germanium or tin. Sodium germanyl is much more stable toward 
ammonolysis than is sodium triethylgermanide (28). 

If a compound of the type RsAX is completely reduced by 
means of sodium, reduction takes place in two stages. First, the 
neutral group is formed according to the reaction equation: 

RsAX + Na + + 6- NaX + RjA 

Then the group ARg is further reduced to the state of a negative 
ion according to the equation: 

R,A + Na+ + e~ -» Na + + R»A" 

These compounds are true salts in which the groups ARg - act as 
anions. They are very highly ionized in liquid ammonia. Thus, 
the conductance of sodium triphenylmethide, sodium triphenyl- 
germanide and sodium triphenylstannide has been measured in 
liquid ammonia solution (29). The results indicate an ioniza- 
tion greater than that of ordinary salts such as sodium bromide. 

VI. REDUCTION BY MEANS OF WEAKLY ELECTRONEGATIVE IONS 

In anions of the type RsA - , the electron is not firmly held. 
The energy effect (heat) accompanying the formation of such 
anions has been measured in the case of tin and found to amount 
to only a few thousand calories (30). The salts of such anions 
therefore serve as convenient reducing agents. In general, they 
react readily with negative elements or with compounds of such 
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elements. Thus sodium germanyl reacts with ethyl bromide 
according to the equation (31) : 

N&G 0 H 3 4- C 2 H 5 Br — ► NsBr -f - C^EsOdHg 

Here we have a coupling of the germanyl group with the ethyl 
group. The reaction consists in the interchange of an electron 
and a C 2 H 5 group and may be written thus: 

Na+ + H s Ge- + C 2 H 5 Br -» Na+ + Br~ + C s H s GeH, 

Such reactions are quite common, particularly in the case of the 
simpler halogen derivatives of hydrocarbons (26). In the case 
of the more highly halogenated hydrocarbons, the reactions are 
often more complex, and ammonia may take part in the reaction. 
Thus, when chloroform is treated with sodium triphenylgerman- 
ide, the following reaction occurs: 

3NaGe(C,H,), + HCC1, + NHs -> 3NaCl + H 2 C [Ge(C 8 H 5 )„] 2 + (CeH 6 ) a GeNH 2 

The reaction is actually the resultant of several coupled reactions 
that need not be discussed here (33). 

When sodium trimethylstannide is treated with carbon tetra- 
chloride in liquid ammonia, reaction occurs as follows: 

4NaSn(CH s )» + CC1 4 -* 4Sn(CH,) a + 4NaCl + C 

Trimethyl tin and sodium chloride are formed quantitatively (32). 
It is not known what becomes of the carbon, but it is safe to 
assume that it reacts with amm onia. A similar reaction occurs 
on treating sodium triphenylgermanide with carbon tetrachloride 
in liquid ammonia (33). 

The presence of ammonia may thus complicate the result by 
entering into reaction with the organic residue. This difficulty 
may be overcome by dissolving the salt in a neutral solvent, such 
as benzene or ether. Carbon tetrachloride reacts with sodium 
triphenylgermanide in benzene solution with the formation of 
sodium chloride and triphenyl germanium (34). What becomes 
of the carbon atom of carbon tetrachloride has not, as yet, been 
determined. Reactions of this type would seem to afford a 
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means for studying the chemical properties of. the free valences 
of carbon. 

Sodium triphenylgermanide reacts with silicon tetrachloride 
in benzene solution, sodium chloride and triphenyl germanium 
being formed (35). The silicon atom seems to react with the 
solvent, but the nature of the reaction remains to be determined. 
Without doubt salts of the type NaARs will be found to react 
quite generally with the halogen derivatives of the elements of 
the fourth, fifth and sixth groups. As yet, this field has not been 
systematically investigated. 

Compounds of the type NaAR 2 , of the elements of the fifth 
group, are less well known than the corresponding compounds of 
elements of the fourth group. The nitrogen derivatives are 
practically the only ones that have been studied. Sodium anilide 
NaN(H)C«Hs, and sodium diphenylamide, NaN(CeH 8 ) 2 , are 
excellent salts in liquid ammonia solution, particularly the latter 
(36). That these and similar compounds of other elements would 
react with compounds containing strongly electronegative ele- 
ments or groups seems certain. Here, again, we have a fertile 
field for further investigation. 

vn. CONCLUSION 

The importance of non-aqueous solutions in modem chemistry 
depends upon their availability for the purpose of carrying out 
reactions that cannot be carried out in aqueous solutions or by 
other means. With respect to reduction reactions, the solutions 
of the metals in liquid ammonia afford a unique reagent. The 
electrons in these solutions are highly reactive toward electro- 
negative and amphoteric elements, and an extensive field of chem- 
istry, not hitherto cultivated, becomes accessible to investigation. 
The results already obtained serve to broaden our views regard- 
ing certain compounds; the elementary metals themselves appear 
as salts of the electron and certain metallic compounds appear as 
normal salts of the more electronegative constituent. 

Such compounds as the alkali metal alkyls appear as examples 
of a numerous class of compounds of the elements of the fourth, 
fifth and sixth groups. They owe their existence to the ampho- 
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teric nature of these elements, particularly their tendency to go 
into the state of negative ions. These compounds are highly 
ionized in solution and constitute valuable reagents for the reduc- 
tion of other elements or groups. 

The systematic investigation of the chemistry of non-aqueous 
solutions cannot but lead to many valuable results. Substantial 
progress, however, will be made only when the chemistry of non- 
aqueous solutions is made a primary objective rather than a side 
line, incident to other investigations. 
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INTRODUCTION 

One of the outstanding properties of a solution of an alkali or 
alkaline earth metal in liquid ammonia is its powerful reducing 
action. This property is attributed to solvated electrons, the 
presence of which as anions has been demonstrated through a 
study of the electrical properties of metal solutions (1). In 
accord with this view, the reduction of many substances, when 
added to these solutions, takes place rapidly and effectively, so 
that this method offers unusual opportunities for the study of 
the reduction of all classes of compounds. 

This paper describes specific examples of the reduction of 
inorganic salts by metals in liquid ammonia, with the formation 
of an insoluble product, usually very reactive towards air and 
water. Three types of reactions are illustrated: (I) The re- 
duction product is the free metal; (II) The reduction product 
is an intermetallic compound; (III) The reduction product is 
the free metal, which takes part in additional reactions involving 
the solvent. 

I. THE SEDUCTION PRODUCT IS THE FREE METAL 

The reduction of silver salts by sodium in liquid ammonia 
best illustrates the type of reaction in which the salt is reduced 
to the free metal. Sodium reacts very readily and smoothly 
with silver chloride, or with silver iodide, forming a black pre- 
cipitate of metallic silver. No further reaction or evolution of 
gas takes place (2), 
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These reactions, and also those described later, were carried 
out at the temperature of boiling liquid ammonia in an apparatus 
designed to permit the following: an accurate determination 
of the amounts of reacting substances; collection and analysis 
of gases liberated in the course of the reaction; purification, by 
repeated washings with ammonia, of any precipitate formed; 
analysis of the precipitate, avoiding reaction with air (3). 

The results with silver salts have been checked in two ways: 
by the ratio of the reacting substances and by analysis of the 
precipitate. The ratio of gram-atoms of sodium to moles of 
silver chloride, or of silver iodide, taking part in the reaction 
can be determined very accurately, the blue color of the dissolved 
sodium serving as a splendid endpoint. Values of 1.001 using 
silver chloride and 1.006 using silver iodide were obtained. 
Analyses of the precipitate gave 98.7 and 98.0 per cent silver for 
the two cases. The composition of the precipitate is low because 
of the inability to remove the adsorbed salts completely by 
washing. 

These reactions are represented by the equations: 

Na + AgCl -» NaCl + Ag J. (1) 

Na + Agl — ► Nal + Ag 1 ( 2 ) 

Other examples of this type of reduction reaction are reduction 
of cuprous iodide with sodium to free copper (4) and reduction of 
silver chloride and of silver iodide with potassium to free silver (6). 

n. THE REDUCTION PRODUCT IS AN INTERMETALLIC COMPOUND 

The reduction of inorganic salts with liquid ammonia solutions 
of a metal results, in the majority of cases, in the formation of an 
intermetallic compound of the reduced and reducing metal. 
The reaction between sodium and zinc cyanide has been studied 
in considerable detail (3), and the results are here presented as 
an illustration of this type. 

Sodium reacts vigorously with zinc cyanide to form a black 
metallic precipitate. No gas is evolved. This reaction has 
been investigated by the determination of the ratio of the re- 
acting materials and by analysis of the precipitate. The ratio 
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of gram-atoms of sodium to moles of zinc cyanide was found to 
be 2.22. The average value for the zinc content of the precip- 
itate was 91.8 per cent. Even when the reaction was carried out 
with an excess of sodium present, the composition of the precipitate 
did not change. Both the reaction ratio and the analysis indicate 
the formation of the compound, NaZm, whose theoretical zinc 
content is 91.9 per cent. Upon treatment with dilute acid, 
9.05 equivalents of hydrogen per mole of sodium zinc were 
obtained, which agrees well with the theoretical yield of 9.0 
equivalents for NaZn 4 . 

These results establish the following equation for the reaction: 

9Na + 4Zn(CN)j -> 8NaCN + NaZru 1 (3) 

No evidence of the existence of a compound of this nature is 
found in the study of the freezing point diagram for zinc and 
tin (6). 

As other examples of this type of reaction, the following 
insoluble compounds were obtained as products of reduction in 
liquid ammonia by Kraus and Kurtz (7) : NaHg, NaHg 2 , NaCd, 
NajSb, Nas Bi, Na 3 Te 2 , CaAg, Ca 7 Zn, Ca 3 Hg 2 , CaJPbs, and Ca 8 Sn. 
The ratio of reacting substances was used to determine the formula 
in each case. Identification of these compounds by analysis 
has not yet been made. In most cases, these compounds have 
not been found by the method of thermal analysis. 

in. THE REDUCTION PRODUCT TAKES PART IN ADDITIONAL 

REACTIONS 

As an illustration of the case where the reduced metal takes 
part in reactions involving the solvent, the reduction of man- 
ganous iodide with sodium will be described. Since this work 
has not been published elsewhere, and no similar reaction has 
been noted, it will be discussed more in detail than the other 
types. 

The reaction between sodium and manganous iodide occurs 
very readily with the formation of a shiny black precipitate 
and considerable evolution of hydrogen. Contrary to previous 
reactions, no quantitative relations between the reacting sub- 
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stances can be established, all of the sodium being used up 
irrespective of the amount of manganous iodide employed. 
Neither is the reaction complete after the free sodium has dis- 
appeared, as indicated by the steady production of gas over a 
period of several days. Two series of reactions occur: the 
first of these takes place rapidly, with the reduction of the man- 
ganous iodide to free manganese, and the free metal thus formed 
catalyzes the reaction between sodium and ammonia, liberating 
hydrogen; in the second or slower reaction, the reduced manga- 
nese reacts with the sodium amide, formed in the previous steps, 
and the solvent ammonia. 

The experimental data for this work will be summarized 
separately for each series of reactions. There are three facts 
of importance in establishing the first or rapid reaction: no 
definite ratio between the reacting substances was found to 
exist; considerable amounts of hydrogen were liberated; analysis 
of the precipitate showed that it contained manganese, sodium, 
and ammonia, as amide, in widely varying proportions. 

The reaction ratio, or ratio of the gram-atoms of sodium to 
moles of the salt, is usually of prime importance in investigating 
the nature of these reactions. It can normally be determined 
very accurately. But with manganous iodide the values varied 
over a wide range; in fact, any amount of sodium could be used 
for a given amount of manganous iodide. The simple reduction 
of manganous iodide requires two gram-atoms of sodium to one 
'mole of manganous iodide. But even with a reaction ratio of 
30, all of the sodium reacted and the blue color disappeared 
within a period of half an hour. This establishes the fact that 
the sodium enters into reactions other than simple reduction of 
the manganese salt. 

The liberation of hydrogen shows that these reactions involve 
the solvent ammonia. The amount of hydrogen liberated was 
found to vary directly as the amount of sodium not required for 
the simple reduction; that is, only a little hydrogen was liberated 
for a reaction ratio of 2. Here nearly all the sodium entered 
into the reduction of manganous iodide. But, as the amount of 
sodium in excess of that required for the reduction increased, 
the amount of hydrogen increased in the same proportion. 
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Upon analysis, the precipitate was found to contain varying 
amounts of manganese, sodium, and amide. These amounts, 
however, varied in a regular manner, the per cent of manganese 
reaching a maximum of 90 per cent for reaction ratios of approx- 
imately 2. Then, as the ratio increased over 2, the per cent of 
manganese decreased, and the amount of sodium and amide 
increased. 

These results establish the following reactions as taking place 
concurrently: 

2Na + Mnlj -» 2NaI + Mn 1 ( 4 ) 

2Na + 2NH, -* 2NaNH„ + H s T (S) 

Equation 4 represents the reduction of a metal halide to the 
free metal, as described under the reactions with silver salts. 
Equation 5 represents the reaction between sodium and the 
solvent, ammonia, and accounts for the liberation of hydrogen. 
For equivalent amounts of sodium and manganous iodide, the 
reaction proceeds largely according to equation 4. But even 
with equivalent amounts, the liberation of a small volume of 
hydrogen and the presence of sodium amide in the precipitate 
show that reaction 6 occurs concurrently. When the sodium is 
present in large amounts, all of the excess sodium reacts accord- 
ing to equation 5. 

It is remarkable that the excess sodium should react so rapidly 
with the ammonia. Normally this reaction requires a catalyst 
and even then is slow. An especially favorable catalyst must be 
present in this case. It is, undoubtedly, the freshly reduced 
manganese formed in the initial step of the reaction. 

That reactions other than those represented by equations 4 
and 5 occur, is established by the slow but steady evolution of 
hydrogen for a considerable time after the blue color of the 
sodium has disappeared. Another product of these slow reac- 
tions is indicated by the fact that the solution becomes deep 
yellow. Bergstrom (8) found that potassium ammonomanga- 
nite, Mn(NHK) 2 , dissolves somewhat in liquid ammonia to give a 
bright yellow solution. The similar color in this reaction, to- 
gether with the liberation of hydrogen, indicates a reaction 
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between manganese and sodium amide to form sodium ammo- 
nomanganite, as represented by the equation 

Mn + 2NaNHj -> Mn(NHNa)* + H,T (6) 

However, it is not possible to explain the reactions that occur 
by this equation alone, because the amount of hydrogen liberated 
is greater than can be accounted for by equation 6. In the 
reactions that were followed to completion, the initial amounts 
of sodium and manganous iodide were such that the manganese 
formed by reduction was considerably in excess of the sodium 
amide that could be present. Yet the hydrogen collected was 
found to be closely equivalent to the manganese and in no way 
dependent upon the amount of sodium amide. This requires 
the slow reaction to involve not only manganese and sodium 
amide, but also the solvent ammonia. 

It is not possible to establish definitely the steps of the slow 
reaction on the basis of the work already done. The following 
series of equations are proposed simply as one possible 
explanation: 


Mn + 2NaNH s -» Mn(NHs)* + 2Na (7) 

2Na + 2NH S -+ 2NaNHj + Hi T (8) 

2NaNHj + Mn(NH s )j Ma(NHNa), + NH„ (9a) 

2NaNH s + Mn -» Mn(NH s ) 2 + 2Na (9b) 


Equations 7, 8, and 9a represent the process of the reaction in 
liquid ammonia between a metal and a strong base, as developed 
by Bergstrom (9). These same equations have been estab- 
lished by him using potassium amide instead of the sodium 
compound (8). 

It is assumed that the sodium amide formed in equation 8 
reacts in two ways. One reaction, equation 9a, is with manga- 
nous amide to form sodium ammonomanganite, the existence 
of which is shown by the yellow color of the solution. Con- 
currently, a reaction takes place with manganese, equation 9b, 
forming again manganous amide and sodium, which is, of course, 
a repetition of equation 7. This would be followed by a reaction 
of the sodium with ammonia, liberating hydrogen and regenerat- 
ing sodium amide. In this way all of the hydrogen obtained 
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is the result of the reaction of sodium and ammonia. Since the 
sodium amide is reformed, the amount of hydrogen would 
depend only on the manganese available, and this is found to 
be the case. 

PROPERTIES OF THE REDUCTION PRODUCTS 

In nearly all of the reactions studied, the reduction products 
have one characteristic property in common: they are particu- 
larly reactive towards air and water. Only in the case of silver 
salts has the product, silver, been non-reactive. Reduced 
copper prepared in this way becomes incandescent on exposure 
to air. Manganese sparks vigorously and becomes white hot. 
The product of the reduction of nickel salts behaves similarly 
(10). Sodium zinc reacts with explosive violence with either 
air or water. The compounds prepared by Kraus and Kurtz 
(7) were all found to be reactive. 

Sodium zinc is the only one of these products for which any 
study has been made of the reaction that occurs with air or 
water (3). Here it was found that with dry oxygen at low con- 
centrations, the oxidation reaction is divided into two distinct 
stages. At first, 0.5 gram-atom of oxygen per mole of sodium 
zinc is rapidly taken up with considerable evolution of heat. 
This corresponds to the formation of sodium monoxide. A 
secondary reaction, evidently the oxidation of the zinc, then 
proceeds at a very slow rate for a long period of time. In- 
creased concentration of oxygen, or air, the presence of moisture, 
or heating all greatly accelerate the secondary oxidation. With 
water, a reaction liberating hydrogen continues with decreasing 
rate for a long time. In one month, approximately four equiv- 
alents of hydrogen were collected per mole of sodium zinc. 

The excellent ability of the manganese to catalyze the reaction 
between sodium and ammonia further illustrates the active 
condition of these reduced metals. This reactivity is probably 
due to the finely divided state of the substance. On this basis, 
metals, or intennetallic compounds, formed by reduction in 
liquid ammonia, are obtained as very minute particles. This 
method of reduction may well be utilized in the preparation of 
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metal catalysts, where an activated state or very large surface 
is essential. 
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Liquid ammonia is an excellent solvent for a large number of 
different types of substances (1). Although it does not surpass 
water as a solvent for most inorganic substances, it. appears to ex- 
cel as a medium for organic compounds; in this it resembles 
alcohol. It exhibits a distinct advantage over water in that it 
dissolves the alkali and alkaline earth metals without appreciable 
reaction with them. . The fact that reaction does not proceed is 
undoubtedly due to the extremely low concentration of the amide 
ions present in liquid ammonia. This condition is substantiated 
by the low conductivity of pure ammonia and also by the small 
tendency for ammonolytic reactions to proceed as compared to 
hydrolytic reactions in water. Substances which are readily hy- 
drolyzed in water are, as a rule, not ammonolyzed in liquid ammo- 
nia. Thus it is possible to study the chemical and physical prop- 
erties of the strongly electropositive elements in a comparatively 
inert medium possessing a high dielectric constant. In the pres- 
ent discussion we shall confine ourselves to the physical properties 
of these solutions and shall attempt to give a critical account of 
the results of the numerous investigations. 

SOLUBILITY RELATIONS 

Solutions of the alkali metals in liquid ammonia were first in- 
vestigated by Weyl in 1864 (2). He observed that sodium and 
potassium were soluble in this medium, producing highly colored 
solutions. At the time of his studies the radical theory domi- 

1 Present address, The du Pont Ammonia Corporation, Wilmington, Delaware. 

273 



274 


WARREN C. JOHNSON AND ALBERT W. MEYER 


nated chemistry. N atur ally W eyl regarded these solutions in the 
light of the theories then prevailing, and concluded that the met- 
als were joined to the nitrogen of ammonia, forming substituted 
ammonium groups, with the metal taking the place of one of the 
hydrogen atoms. He did not present any quantitative data to 
support his conclusions. 

A few years later, Seely reported his observations on the so- 
lution of alkali metals in liquid ammonia. These results were 
published during the two years following his report (3, 4, 5). He 
contended that the metals are in solution in ammonia as such and 
that they are not united to nitrogen in the form of an ammonium 
radical. Although he presented no quantitative data to support 
his views, he described his observations clearly as follows: 

Now, the key to the whole subject is the fact that liquid anhydrous 
ammonia is a solvent, without definite chemical action on the alkali 
metals. I mean that these metals dissolve in the ammonia as salt dis- 
solves in water"— the solid disappears in the liquid, and on evaporating 
the liquid, the solid reappears in its original form and character. There 
is no definite atomic action in any such cases; the components of the 
solution are not changed in their chemical relations to other substances.” 
He describes his apparatus and then continues: “When sodium is sub- 
jected in this apparatus to the condensing ammonia, before any ammonia 
is visibly condensed to the liquid state, it gradually loses its lustre, be- 
comes of a dark hue, and increases m bulk. The solid then appears to 
become pasty, and at last we have only a homogeneous mobile liquid. 
During the liquefaction and for a little time after, the mass is of a lus- 
trous, copper-red hue; the condensation of the ammonia and its mingling 
with the liquid steadily goes on, the liquid is progressively diluted, and 
passing through a variety of tints by reflected light at last it becomes 
plainly transparent and of a lively blue by reflected as well as by trans- 
mitted light; the liquid now closely resembles a solution of aniline blue 
or other pure blue dye-stuff. On reversing the process by cooling the 
ammonia generator, the ammonia gradually evaporates out of the liquid, 
and the changes observed during the condensation reappear in the re- 
verse order, till at last the sodium is restored to its original bright me- 
tallic state. If the evaporation be conducted slowly and quietly, the 
sodium is left in crystals of the form seen in snow. The formation of 
the transparent blue liquid, and the restoration of the sodium are stead- 
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ily progressive; and the repeated and closest scrutiny of the process has 
failed to reveal the slightest irregularity in its continuity. The inevi- 
table conclusion from such facts is that the blue liquid is a simple solution 
of sodium in ammonia, not at all complicated or modified by any definite 
chemical action. 

Seely carried out similar experiments with potassium, lithium 
and rubidium, and arrived at conclusions analogous to those ob- 
tained in the case of sodium solutions. He also observed that 
lithium appears to be less soluble in ammonia than are the other 
alkali metals. He evidently did not have any of the alkaline 
earth metals at his disposal, for, if he had, he would undoubtedly 
have observed their peculiarities. On the other hand he noticed 
that aluminium, magnesium, thallium, indium, mercury and 
copper were not soluble in liquid ammonia. 

With the exception of some facts on solubilities given by Gore 
(6, 7) immediately following the work of Seely, no experiments 
were reported for several years. The subject was finally revived 
by Moissan and Joannis who carried out many investigations 
over a period of years. Moissan (8, 8a) and Guntz (9) finally 
added cesium, calcium, barium and strontium to the list of solu- 
ble metals. Cottrell (10), at a much later date, found magnesium 
to be slightly soluble in ammonia, contrary to the observations 
of Seely. That the alkaline earth metals present a situation 
somewhat different from that of the alkali metals was observed 
by several investigators. This part of the discussion will be con- 
sidered later in reference to the possibilities of the existence of 
combinations between the soluble metals and ammonia. 

Although most of the earlier workers recognized that these 
metals are highly soluble in ammonia, relatively few attempts 
were made to determine the solubilities quantitatively. Ruff 
and Geisel (11) determined the solubility of lithium, sodium and 
potassium in liquid ammonia by a unique method, one which was 
subject to errors of considerable magnitude, but which, neverthe- 
less, through careful and skillful manipulation, gave them fairly 
consistent and accurate results. 

They allowed an amount of ammonia, insufficient to dissolve 
all the metal, to be added to lithium, sodium and potassium in 
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smaE tubes. Some cotton wadding was placed above the mix- 
tures and the upper end of each tube was sealed. The tubes were 
then agitated for three hours to insure saturation. After this 
period they were inverted to aUow the solution to filter through 
the wadding. When an amount sufficient for analysis had fil- 
tered, the tubes were immediately placed in a Dewar flask con- 
taming liquid air, in order to freeze the entire contents. Then 
the bottom part of each tube was broken off immediately above 
the saturated solution without aHowing the contents to melt. 
The solution was finally analyzed according to the usual 
procedures. 

They found that the solubility of metallic lithium in ammonia 
does not appear to change over a temperature range from —80° to 
0°, while that of potassium increases with increasing temperature 
from — 100° to 0°. Over the same temperature range the solubility 
of sodium was found to decrease with increasing temperature. 
Although the changes in solubility with the temperature are rel- 
atively small in aU three cases, it is difficult to understand the 
lack of change in the case of lithium. Since Ruff and Giesel took 
the average of two series of determinations, the values of which 
were decidedly at variance with each other, it seems probable that 
the accuracy of the method would not allow for the detection of 
smaE changes in solubility. Their values for these three metals 
are given in table 1. 

A convenient and accurate method for a determination of the 
solubility of a metal in liquid ammonia is to measure the vapor 
pressure of the solutions as a function of the concentration of dis- 
solved metal. When ammonia is added to the metal, the result- 
ing solution shows a constant vapor pressure, that of the saturated 
solution, as long as any undissolved metal remains. The change 
in the vapor pressure in passing from the saturated solution to 
those less concentrated in metal is very abrupt (see figure 1). 
It is possible to obtain several values of the pressure in this re- 
gion by careful manipulation in the experimental procedure. 
When this curve is extrapolated to intersect the horizontal line 
representing the vapor pressure of the saturated solution, a point 
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is obtained corresponding to the composition of the saturated 
solution. 

Joannis (12) applied this procedure to solutions of sodium and 
also of potassium at many different temperatures. The results ob- 
tained by Joannis are not in accord with those of Ruff and Geisel 
and of later workers. In some temperature intervals, even the 
sign is opposite. It would appear that Joannis experienced diffi- 

TABLB 1 

Composition of saturated solutions of alkali metals in liquid ammonia at different 

temperatures 
A. Lithium 


TEMPERATURE 

! 0° 

25° 

-39.4* 

-50* 

-80° 

Kraus and Johnson 



3.61 



P.nff and Geisel 

a. 93 

3.93 

3.93 

3.93 

3.93 


B. Sodium 

TEMPERATURE 

0* 

-33.8° 

—50* 

-70* 

-105° 

Kraus, Carney and Johnson 


5.48 




Ruff and Geisel 

5.87 

5.48 

5.39 

5.20 

4.98 

Kraus and Lucasse 

5.37 

.Tnhns<vn a.nd Meyer 

5.79 









C. 

Potassium 




TEMPERATURE 

mm 

-33.5° 

-50° 


-100° 

Kraus and Lucasse. 


4.87 




Ruff and Geisel 

4.74 

4.79 


4.82 

Johnson and Meyer 

4.68 

4.95 

j 

5.05 | 






culty in establishing equilibrium conditions and in maintaining 
constant temperature during the course of a series of determina- 
tions. It is quite doubtful that the temperatures were accurately 
known, since the boiling point of liquid ammonia was in error by 
at least 5°. The changes in vapor pressure of these solutions are 
very sensitive to snail temperature changes. 

Applying this procedure under conditions of equilibrium and 
controlled temperature, Kraus and Johnson (13), Kraus, Carney 
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and Johnson (14), and Johnson and Meyer (15, 16) have deter- 
mined the composition of saturated solutions of lithium, sodium 
and potassium at several temperatures. These results are given 
in table 1, and are expressed in terms of gram-molecules of ammo- 
nia per gram-atom of metal. 

The values obtained by Kraus and Lucasse (17) are the result 
of resistance measurements. They noticed a decided change in 



Fig. 1. The Vapor Pressure of Solutions of Sodium in Liquid Ammonia at 

- 33 ° 


the resistance of these solutions in passing from a saturated solu- 
tion to those more dilute in metal. The point at which such a 
break occurs is identical with the composition of the saturated 
solution. Ruff and Zedner (18) give additional solubility data 
at temperatures ranging from —115° to +20°. 

Kraus (19) has taken the values for sodium secured from con- 
ductivity measurements and those of Ruff and Geisel to give the 
general form of the solubility curves over a considerable range 
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of temperature. He also presents evidence to show that at low 
temperatures.the sodium solutions separate into two liquid phases. 
Ruff and Zedner (18) determined the composition of these 
liquid phases in equilibrium with each other and with vapor, by- 
noting the temperature at which the two-phase system disap- 
peared. According to their results, this temperature lies at about 
—45° and at a composition of approximately two atom per cent 
of sodium. This value is not in accord with the vapor pressure 
curves of Kraus (20) which, at higher temperatures, show an in- 
flection point at about 3.5 atom per cent of sodium. Later, 
Kraus and Lucasse (21) determined the composition of these two 
liquid phases at low temperatures. They found that when the 
temperature reaches that of the three-phase system the electrical 
resistance of the solution undergoes an abrupt change as the sec- 
ond liquid phase appears. This would necessarily be the case 
since the compositions of the two phases differ appreciably from 
that of the single liquid phase. The critical solution temperature 
was found to be —41.6° with a composition of 4.15 atom per cent 
of sodium. As the temperature is lowered one phase becomes 
richer in sodium while the other liquid phase decreases in sodium 
content. It is remarkable, however, that the critical phase ap- 
pears at such a low concentration of dissolved sodium. Even at 
—60°, the compositions of the two liquid phases are only 1.7 and 
8.3 atom per cent of sodium respectively. 

COMBINATIONS BETWEEN METALS AND AMMONIA 

Weyl (2) looked upon the solutions of metals in ammonia as be- 
ing true compounds, in which the metal is directly connected to 
nitrogen as hydrogen is in the a mm onium group. The term “metal 
ammonium” was used to represent such a combination. Seely de- 
duced from his observations that the metals are actually in solution 
as individuals without combination with the solvent. Neither in- 
vestigator presented evidence of a quantitative nature to support 
his view. Joannis (22, 23), at a later date, revived the ammonium 
theory and carried out a large number of experiments to determine 
the vapor pressures of the solutions and the molecular weights of 
the dissolved metals (24, 25, 26, 27). He believed his work 
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showed that the molecules in solution contain two atoms of so- 
dium or two of potassium. Among others, Moissan (8, 28, 29, 
30, 31, 32) applied the method of Joannis with similar results. 
Thus the term “metal ammonium” was used for several years by 
a number of workers in the field and has without justification 
found some following even to the present day. After the careful 
experiments of Buff and Geisel (11) and Kraus (33) had appeared, 
experiments which showed that, from the standpoint of the phase 
rule, no solid constituent containing ammonia could exist, the 
term “metal amm onium” has been to a large extent discarded. 

The argument to show the non-existence of alkali metal- 
ammonia combinations appears simple when one examines care- 
fully the form of the vapor pressure curves for these solutions. 
In figure 1, the horizontal line represents the pressure of saturated 
solutions of sodium in liquid ammonia at —33.5°. This value is 
about 400 mm. of mercury. The composition of the saturated 
solution is indicated at the point of intersection of the horizontal 
line with the vertical line representing pressures for the more di- 
lute solutions. As the solutions become more dilute in metal the 
vapor pressure increases very rapidly and assumes a fairly con- 
stant value after having traversed a comparatively short range of 
concentration. Joannis argued that the decomposition pressure 
of sodium ammonium is the same as the vapor pressure of its 
saturated solution. In such a case a new solid phase would ap- 
pear in the equilibrium, and, according to the phase rule, the 
condition could be realized only at one definite temperature 
since the system would be non-variant. Roozeboom (34) pointed 
out that Joannis must have carried out his experiments at the 
temperature of the non-variant equilibrium. However, meas- 
urements at other temperatures give the same type of curve to 
show that the solid phase separating from solution is identical 
with the phase of sodium metal. Measurements at very low tem- 
peratures, about —70°, show no change in the form of the vapor 
pressure curve. At these temperatures the ammonia may be 
easily removed from saturated solutions leaving metal only. 

. More recently Benoit (35) has published the results of an in- 
vestigation of the phase relations in the system lithium-ammonia. 
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Working at —38.5° lie found three regions within which the vapor 
pressure of the solutions appears to be independent of the compo- 
sition of the system. He concluded from this that a lithium 
amm onium is present with the composition corresponding to the 
formula [Li(NH 8 ) 4 ] 2 . Repetition of this work shows (13) the 
nonexistence of a region of constant pressure other than that for 
saturated solutions. It appears that Benoit did not establish 



Fig, 2 . The System Calcium-Ammonia at — 32 . 5 ° 


true equilibrium conditions. It is impossible to obtain consistent 
results for the vapor pressure of these solutions unless they are 
strongly agitated throughout the series of measurements. It is 
also necessary to approach the equilibria from both sides to he 
certain of the conditions. Benoit gives no description of the 
method he employed for maintaining equilibrium. According to 
the data existing for the vapor pressure of pure ammonia, Benoit 
evidently worked at a temperature that was somewhat higher 
than he records. 
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Thus all attempts to show the existence of combinations be- 
tween the alkali metals and ammonia have failed completely. 
Even though there were no evidence to show this, it would be ex- 
ceedingly difficult to conceive of a highly electropositive element 
taking the place of a hydrogen atom in the ammonium group. 

An examination of solutions of the alkaline earth metals in 
liquid amm onia presents a somewhat different situation. A break 
in the vapor pressure curves is found in which the pressure is in- 
dependent of the composition of the solution throughout a defi- 
nite rangeof concentration. Kraus (33), (seefigure2), has shown 
that calcium forms a solid phase in which six molecules of ammo- 
nia are associated with an atom of the metal (8a). This com- 
pound, however, is to be regarded as an ammoniate, analogous to 
the ammoniated salts such as CaClr6NH s , etc., rather than as a 
metal ammonium. It possesses the appearance of a metal and 
appears to have all the characteristic properties of metals. Men- 
trel (36) and Roederer (37) have established the existence of 
hexammoniates of barium and strontium. No similar combina- 
tion has been noted for magnesium. The alkaline earth metal 
ammoniates have also been prepared and studied by Biltz and 
Huttig (54). 


MOLECULAR WEIGHTS 

The first molecular weight determinations of the metals in 
liquid ammonia were carried out by Joannis (12, 27). Working 
with solutions of sodium and potassium, he determined the change 
in the vapor pressure of the solvent as a function of the composi- 
tion of the solution. Then, by means of Raoult’s law, he calcu- 
lated the molecular weight from the data. Some of his results 
are undoubtedly in error due to the fact that he assumed an in- 
correct value for the boiling point of liquid ammonia. He ob- 
served the boiling point of the solutions under atmospheric 
pressure, employing a value of' —38.2° for the boiling point of 
pure ammonia. Several independent determinations have since 
shown the boiling point of ammonia to be about —33.5°. Joan- 
nis also applied the law of Raoult to solutions highly concentrated 
in metal; the most dilute solutions measured were about 3.70 N 
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with respect to sodium or potassium. It is evident that at such 
high concentrations the application of Raoult’s law would have 
no meaning, particularly in systems of this type which appear to 
deviate from the law to a greater extent than do typical solutes. 
Thus one is not justified in using the results of molecular weight 
experiments in highly concentrated solutions to determine the 
state of the molecular species, whether it is postulated as a repre- 
sentation of solvent combination or of more simple species. This 
is one reason why similar arguments proposed by Joannis for the 
state of aggregation of the so-called metal ammoniums bear little 
weight. This fact was pointed out by Kraus and Ruff and Geisel 
(see preceding discussion). 


TABLE 2 


Apparent molecular weight of sodium in ammonia at different concentrations 


CONCENTRATION' 

APPARENT MOLECULAR 
WEIGHT 

CONCENTRATION 

APPARENT MOLECULAR 
WEIGHT 

2.903 

32.23 

0.3665 

25.31 

1.841 

30.70 

0.3587 

25.27 

1.220 

29.06 

0.2669 

23.53 

0.9910 

28.80 

0.2516 

23.43 

0.9038 

28.46 

0,2261 

23.41 

0.5614 

26.39 

0.1565 

21.62 

0.5558 

26.47 

0,1519 

21.58 

0.4104 

25.36 

: 



Franklin and Kraus (38) determined the molecular weight of 
sodium and also of lithium in liquid ammonia by the boiling point 
method. The concentration of the sodium solution ranged from 
0.3 N to 1.3 N and the apparent molecular weight showed an in- 
crease from 36 to 59. Similar results were obtained with lithium. 
The boiling point method was recognized as not admitting of a 
high degree of accuracy owing to several factors. In dilute solu- 
tions, particularly at the temperature of boiling ammonia, the 
metals exhibit some tendency to react with the solvent to form the 
metal amides, which in turn act as catalysts for this reaction. 
Small amounts of impurities in the metals such as oxides, iron, 
etc. appear to have a similar effect. 
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With careful manipulation and exclusion of impurities Kraus 
(20) devised a method to determine pressure changes resulting in 
the addition of sodium to liquid ammonia. He was able to secure 
an accuracy of about 1 per cent when the total pressure change 
was as small as 10 mm. The measurements were carried out at 
15° and the dilutions of the solutions varied from 1 to 13 liters 
per gram-atom of sodium. He demonstrated that Raoult’s law 
could not be applied to solutions more concentrated in metal than 
0.1 N. The results are exceedingly interesting in that in dilute 
solutions the apparent molecular weight is less than 23, while in 
the more concentrated solutions this value becomes markedly 
greater than 23. (See table 2.) A value of 23 was obtained at 
concentrations in the neighborhood of 0.1 N. An examination of 
the vapor pressure curves (figure 1) shows that in the more con- 
centrated solutions the change in the vapor pressure is exceedingly 
large in relation to the change in composition. Deviations from 
Raoult’s law would be expected to be very great in these regions. 
It would be desirable to have additional data in solutions more 
dilute in metal than have thus far been studied, but the difficul- 
ties in manipulation and control limit the methods applicable to 
such systems. Ruff and Zedner (18) also measured the change 
in the boiling point of solutions of sodium, potassium and lithium. 
Their results are in agreement with those of Kraus in that, in 
fairly dilute solutions, the apparent molecular weight is too small 
and in concentrated solutions it is too great. This corresponds 
to a deviation in the vapor pressure first on one side and then on 
the other side of the theoretical curve. 

The fact that the molecular weight values obtained in the more 
dilute solutions are less than 23 is an indication of dissociation. 
It is known that these solutions are excellent conductors of the 
electric current and exhibit electrolytic properties in dilute solu- 
tions. Since the alkali metals behave as binary electrolytes in 
this medium, very dilute solutions should show a value of the 
molecular weight approaching one-half that of the atomic weight 
of sodium. It may be possible to demonstrate this at a later 
date. 
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ELECTRICAL PROPERTIES 

A study of the nature of the conduction process in solutions of 
metals in liquid ammonia has occupied the attention of relatively 
few workers. On the other hand, the results available to date 
have attracted considerable interest, since these systems represent 
a metal dissolved in a non-metallic medium in which a continuous 
change of one type to the other is exemplified. These results 
bear an important relation to the metallic state of matter and the 
process of the passage of electricity in metals. 

From the earlier studies it was observed that liquid ammonia 
is capable of dissolving considerable amounts of the alkali metals 
to form stable solutions. Studies with solutions of acids, bases 
and salts in ammonia showed in the pioneering work that the solu- 
tions possessed the ability to conduct the electric current. They 
also demonstrated ammonia to be an excellent dissociating me- 
dium. That solutions of the metals should conduct the current 
with great facility, even to a greater extent than do the typical 
electrolytes in this solvent, probably would have been beyond the 
highest expectations. 

Cady (39) was the first to make any observations in this di- 
rection. He found solutions of sodium in ammonia to be excellent 
conductors, with the order of magnitude of the conductance being 
markedly greater than that of typical electrolytes in the same 
solvent. He also noticed that in concentrated solutions no ma- 
terial effects appear to accompany the passage of electricity, 
while in dilute solutions there is an increase in the concentration 
of metal at the cathode. The problem was later studied system- 
atically and thoroughly by Kraus, whose results are reported in a 
series of papers appearing in the period of 1907-1921 (19, 20, 33, 
40, 41, 42, 43). Gibson and Argo (44, 45) and Gibson and 
Phipps (46) added materially to the problem. 

Shortly following, the work of Cady, Franklin and Kraus (47) 
confirmed the fact that ammonia solutions of the metals conduct 
electricity without polarization at the electrodes. 

The first experiments of Kraus were carried out for the purpose 
of determining whether or not the conduction process is ionic in 
nature. This was done by observing the migration phenomena 
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in solutions containing only the metals and ammonia. Since the 
metals exhibit characteristic colors in solution (48), and in dilute 
solutions as small an amount as 1/40000 N of metal can be easily 
detected, it is possible to follow changes visually. Thus, a small 
amount of sodium was dissolved in liquid ammonia in a cell de- 
signed for the experiment. On the application of a potential of 
110 volts, the color about the anode at once began to grow less 
intense, while the color in the neighborhood of the cathode deep- 
ened perceptibly. The color of the solution above the cathode 
did not change appreciably and thus served as a standard in de- 
termining the colors in other parts of the cell. At the end of half 
an hour, the cathode region became quite opaque while the anode 
electrode was visible. No evidence was found of an anode prod- 
uct. When the solution about the anode had become quite 
dilute, the current was reversed; the clear space at once became 
broadened in the form of a wedge with the apex at the bottom of 
the electrode. The blue solution was now in contact with the 
bottom of the cathode electrode. This effect appeared to be more 
pronounced in dilute than in concentrated solutions. When the 
current was measured as a function of the time, it was observed 
to decrease quite rapidly, and to follow the color changes taking 
place in the neighborhood of the electrodes. 

Kraus (40) interpreted these results as indicative of an ionic 
conduction process, since a transfer of matter was found to take 
place with the electric current. The experiments showed sodium 
to be a constituent of the positive ion, while the negative ion was 
postulated as being identical with the negative electron which is 
in equilibrium with the positive sodium ion and sodium metal as 
follows: 


Na - Na + + Y" 


Kraus states: 

Aside from the important fact that the conduction process in metal 
solutions is an ionic one, which follows at once from the preceding experi- 
ments, it remains to examine more closely the phenomena taking place 
in the neighborhood of the electrodes. We will first consider the anode. 
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where the phenomenon is less complex. There can be no question that 
a gaseous product is not evolved here. The solution being transparent, 
the formation of minute bubbles of gas would readily be observed. At 
the same time the current is by no means inconsiderable, rising to as 
much as 0.05 ampere. A current of 10 milliamperes generates a cubic 
millimeter of hydrogen per second. A gas, therefore, is not evolved. 
Moreover, no electrolytic product results at the anode by interaction 
between the negative carrier and the solvent, or the electrode, for in 
that case we should always have left in the anode space a certain amount 
of ionic material. In these solutions, however, the resistance increases 
to something like a million ohms per centimeter in a comparatively short 
time. The only remaining possibility then, is that the negative ion re- 
acts at the anode to form a soluble neutral molecule. As the electrodes 
Sire not attacked, such reaction could involve only the solvent itself. 

It is difficult to imagine a reaction taking place between ammonia and 
the anion Y~ to form a soluble, non-electrolytic substance at the anode, 
unless ammonia itself constitutes the negative ion Y~. In that case, 
of course, the ammonia would be discharged at the anode and simply add 
itself to the remaining solvent. We must not forget that the ion Y~ is 
formed by dissolved neutral metal atoms in neutral ammonia and that 
this solution permits of reversible separation of its components. If the 
metal forms the positive ion Na + , as we have shown, then the negative 
charge only can be associated with ammonia. According to our present 
views of matter and electricity, negative electricity consists of discrete 
charges called electrons, whose mass is about 1/1000 that of the hydro- 
gen ion. If we assume tentatively that the metal atoms lose electrons 
when they dissolve in ammonia, then the solvent may of course take up 
the negative electrons in some way. 

Making use of these results, the above expression may be re- 
written as follows: 


Na - Na+ + e~ 

where Na + represents the normal sodium ion and e~ the electron. 
They also indicate that the electron cannot be free as such in 
ammonia, but that it is undoubtedly associated with the solvent 
molecules. Thus, the ammoniated electron is in equilibrium with 
ammonia and the free electron: 


e”(NH 3 )» * e~ + n NH 3 
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Kraus then carried out some migration experiments with so- 
lutions of potassium in potassium amide dissolved in liquid ammo- 
nia and was successful in showing that the positive ion obtained 
by dissolving metallic potassium in ammonia is identical with the 
positive ion resulting from the dissociation of potassium amide 
in the same medium. 

Measurements of the electromotive force of concentration cells 
of solutions of sodium in ammonia were made by the same inves- 
tigator at a later date (41). Transference numbers for several 

TABLE 3 


EM.F. of concentration cells and values of n and (±-n)n for solutions of sodium in 

liquid ammonia 


C a 

E X 10 s 

n 

(1 - n)/n 

0.870 

0.080 

0.00359 

277.6 

0.732 

0.328 

0.0109 

90.6 

0.335 

0.620 

0.0231 

41.2 

0.164 

0.72 

0.0291 

33.4 

* 0.081 

0.86 

0.0336 

28.8 

0.040 

1.07 

0.0385 

25.0 

0.020 

1.38 

0.0575 

16.4 

0.010 

1.80 

0.0704 

13.2 

0.005 

2.60 

0.0980 

9.2 

0.0024 

3.40 

0.125 

7.0 


different concentrations were calculated from the results. The 
ratio of the fraction of the current carried by the two ions was 
found to approach a limiting value of approximately 7 in dilute 
solutions, and to increase to a value of 280 at a concentration of a 
little less than normal. (See table 3.) With a constant speed 
assumed for the positive sodium ion, the mean speed of the nega- 
tive carrier increases in the neighborhood of 40 times between 
0.001 and 1.0 N (53). Previous transference experiments with 
salt solutions give a value of 130 for the equivalent conductance 
of the sodium ion. On this basis, the value for the negative 
carrier is 910, and in dilute solutions of the metals the equivalent 
conductance should approach a value of 1040. This value is in 
good agreement with that obtained from conductivity data which 
were published several years later. 
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Kraus interprets these results on the assumption that the ions 
Na+ and e~ exist in solution with the negative carrier surrounded 
by an envelope of ammonia molecules. The extent of ammonia- 
tion of these carriers is postulated as the determining factor in 
their velocity. He explains his results at higher concentrations 
in that some of the electrons are freed from the ammonia envelope 
and consequently move with a speed comparable to that of elec- 
trons in metals. This accounts for the rapid increase of the 
transference number of the negative carrier at high concentra- 
tions. The number of free electrons was found to increase as the 
proportion of metal to ammonia increases, that is, on the basis of 
transference. 

Studies of the conductance of metal solutions have shown that 
the process is essentially similar to that in aqueous solutions and 
that our familiar ideas of conduction and dissociation can be ex- 
tended to ammonia solutions. On dilution, the molecular con- 
ductivity approaches a maximum value, just as does that of 
aqueous solutions, to show that at infinite dilution there is com- 
plete ionization. It is perhaps significant, however, that ammo- 
nia solutions of strong electrolytes conform more nearly to the 
law of mass action at low concentrations than do similar water 
solutions. A rather remarkable fact is that the ions travel faster 
in ammonia than in water. One cause of this may be the low 
viscosity of liquid ammonia. Because ammonia is less viscous 
and is a weaker dissociating agent than water, dilute ammonia 
solutions are better conductors than dilute aqueous solutions, 
while water solutions excel when concentrated. 

Kraus (43) made an extensive study in which he measured the 
electrical conductances of solutions of sodium, potassium and 
lithium over a wide range of concentration. Using small plati- 
num electrodes in his cells, so as to reduce the reaction between 
metal and ammonia to a minimum, and employing an electromag- 
netic stirrer to maintain the solutions in equilibrium, he was suc- 
cessful in securing reproducible results. In figure 3, the results of 
these measurements are plotted for the three alkali metals men- 
tioned above. The equivalent conductance A is plotted against 
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the logarithm of the dilution, V. (Since the densities of these 
solutions were not known at the time of the conductance measure- 
ments, the dilution is expressed in terms of 1000 cc. of amm onia). 
Due to the exceedingly high values for the conductivity at high 
concentrations, it is not possible to include them on a single 
graph with the values at low concentrations. 

1200 
1100 
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< 800 

700 

800 
500 
400 

0 

Fig. 3. The Conductivities op Solutions op Sodium (I), op Potassium (II), 
and op Lithium (III) in Liquid Ammonia at —33° 

In the dilute regions it is at once noticed that as the dilution 
increases the equivalent conductance increases and approaches a 
constant value. The form of the curve in this region, from A to 
B, is similar to that of ordinary electrolytes dissolved in liquid 
ammonia. When C is plotted against 1/A, where C represents 
the concentration (C = 1/7), a straight line is obtained for the 
values at low concentrations, which gives on extrapolation a 
value of 1016 for the equivalent conductance at infinite dilution. 
(See table 4.) Thus the value of the mass action constant is 
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77.27 X 10~ 4 . In the most dilute solutions, some of the points 
are somewhat irregular owing to the reaction of metal with ammo- 
nia. It is interesting to note, however, that the limiting value 
of the conductance which is approached at low concentrations is 
very much higher than it is in the case of typical salts dissolved in 
ammonia. Some salt solutions approach a value as high as 340, 
which is only about one-third of that reached in the metal 
solutions. 

As the concentration of the metal in solution is increased, the 
conductivity is noticed to drop off considerably and pass through 


TABLE i 

The conductance of sodium in liquid ammonia at — 88.5 ° 


V 

A 

V 

A 

0.5047 

82490.0 

13.86 

478 . 3 - 

0.6005 

44100.0 

30.40 

478.5 

0.6941 

23350.0 

65.60 

540.3 

0.7861 

12350.0 

146.0 

650.3 

0.8778 

7224.0 

318.6 

773.4 

0.9570 

4700.0 

690.1 

869.4 

1.038 

3228.0 

1551.0 

956.6 

1.239 

2017.0 

3479.0 

988.6 

2.798 

749.4 

7651.0 

1009.0 

6.305 

554.7 

17260.0 

1016.0 


: 

37880.0 

1034.0 


a minimum at a concentration of about 0.05 N. Further in- 
creased concentration of metal causes the conductance to rise 
rapidly to values of almost unimaginable dimensions. For a 
concentration of approximately normal, the equivalent conduct- 
ance rises to a value of approximately 3000, while at 2 N a value 
of 80,000 is reached for sodium solutions. Kraus and Lucasse 
(17) have determined values for saturated solutions of sodium and 
potassium and have found the specific conductivities to be 0.5047 
X 10 4 and 0.4569 X 10 4 , respectively. The specific conductance 
of mercury is 1.063 X 10 4 , which value is only a little more than 
twice that of a saturated solution of sodium in ammonia and only 
6 times that of a solution 2 N in sodium. If a comparison is made 
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on the basis of atomic conductances instead of specific conduct- 
ances, a better correlation is noted. For example, the atomic 
conductance of iron is 0.8031 X 10®, of strontium, 0.7194 X 10®, 
and of mercury, 0.1564 X 10®, while that of a saturated solution 
of sodium in liquid ammonia is 0.6720 X 10®, if the assumption 
is made that the density of the solution is equal to that of the 
pure solvent. Since the density is now known to be considerably 
less than that of the pure solvent, the above value calculated for 
sodium is less than the true value. It is quite apparent that 
such large conductance values can not be attributed to electro- 
lytic conduction. - 

If a value of 1016 is taken for the equivalent conductance at 
infinite dilution, and a value of 130 for the equivalent conduct- 
ance of the sodium ion, the equivalent conductance of the negative 
carrier must be 886. This value is in good agreement with that 
obtained from the results of electromotive force measurements in 
dilute solutions. If the negative carrier at low concentrations is 
the electron, it immediately follows that it must be assumed to be 
associated with solvent molecules to account for its low conduc- 
tivity. If it were free to move without any solvent disturbances 
or combinations, it would readily move much faster than is indi- 
cated by the results of conductivity measurements. Jaffe (49) 
has measured the speed of the electron produced by radiations 
in hexane and found a value of 4.17 X 10" 4 centimeters per volt 
second. On the basis of the value of the conductance of the 
electron in ammonia solutions the speed of this negative carrier 
is 91.7 x 10~ 4 centimeters per second. So the electron appears 
to move much faster in ammonia than in hexane. Since the die- 
lectric constant of ammonia is much higher than that of hexane, 
it would be expected that the electron would be less associated 
with solvent molecules in ammonia than in hexane. That the 
combination is not a very stable one is seen in the high conduct- 
ance values at high concentrations, where a large part of the 
negative carriers must be free to move without the constraints 
of the solvent, much as the electron moves in metals. The ammo- 
niated electron may be looked upon as possessing a stability of 
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the order of magnitude found in the ammoniation or hydration of 
other ions. 

Kraus has summed up the results of his studies of the conduc- 
tivities of solutions of metals in liquid ammonia (43) : 

These solutions, therefore, constitute a connecting link between 
metallic and electrolytic conductors. In dilute solution the process is, 
at least in part, electrolytic. A portion of the current is carried by the 
positive carriers as they appear in solutions of the common salts. The 
negative carrier is chemically uncombined but is associated with one or 
more molecules of the solvent. These carriers are identical for solutions 
of all metals, and, when the discharge occurs at the anode, the only 
material process which takes place is that a portion of the solvent is left 
behind in the immediate neighborhood of this electrode. As the con- 
centration of the solution increases, the nature of the phenomenon 
changes only insofar as the combination of the negative carrier with 
ammonia is effected. At the higher concentrations, the negative car- 
riers are free from association with ammonia molecules to a greater and 
greater extent. And, since under these conditions, the negative carrier 
is associated with no matter of atomic dimensions, it follows that all the 
material effects cease so far as these carriers are concerned. It is not 
to be understood that a given carrier is free from association with the sol- 
vent molecules for any considerable period of time. Obviously, an 
equilibrium must exist between the free carriers and the combined car- 
riers and ammonia, which results in a constant interchange between the 
free and bound carriers. During the interval over which these carriers 
are free from the solvent molecules, they conduct just as they do in met- 
als. As the concentration is further increased, the number of free car- 
riers increases. It is evident that their number in the more dilute 
solution, for example in the neighborhood of normal, must be relatively 
small, since at the higher concentrations the equivalent conductance 
reaches values some one hundred times as great as that at normal con- 
centration. It is not possible to determine the actual number of car- 
riers in the more concentrated solutions. In the more dilute solutions, 
however, it appears that the number of carriers decreases with increasing 
concentration, just as it does in the case of normal electrolytes in 
ammonia. 

There is nothing to distinguish the more concentrated solutions from 
actual metallic substances. It may be concluded, therefore, that the 
process of conduction in the case of the ordinary metals is effected by 


CHEMICAL REVIEWS, VOL. VIZI, HO. 2 



294 


WARREN C. JOHNSON AND ALBERT W. METER 


means of the same negative carrier. Since this carrier is negatively 
charged and has sub-atomic dimensions, we may conclude that it is iden- 
tical with the negative electron as it appears in radioactive and other 
phenomena. 

Gibson and Phipps (46) measured the conductance of solutions 
of sodium and also of potassium in liquid ammonia, and of cesium, 
cesium iodide and potassium in methylamine at several different 
temperatures. i| .Their results in liquid ammonia correspond well 
with the measurements of Kraus. They used a constant volume 
method, and it was possible for them to express the concentration 
of the solutions in terms of volume normal. Since the densities 
of these solutions at high concentrations are exceedingly ab- 
normal, deviations in the conductance as determined by the two 
methods are more marked; however, in the more dilute solutions, 
the agreement is good. Their results in methylamine solutions 
are very interesting. They found the metals to be less ionized 
in methylamine, with the minimum in the conductivity occurring 
at a higher concentration than in ammonia. The properties of 
the metals in solvents related to liquid ammonia constitute an- 
other subject which cannot be discussed here at length. 

The resistance-temperature coefficient of dilute solutions of 
sodium in ammonia has been shown by Kraus (43) to be positive 
and, in the neighborhood of the boiling point of liquid ammonia, 
to have a value of about 2.5 per cent per degree in terms of the 
resistance at the boiling point of ammonia. In the more con- 
centrated solutions, similar measurements were carried out by 
Kraus and Lucasse (21) from the saturation point to a dilution 
of 5.02 liters and at temperatures from —33.5° to —60°. The 
temperature coefficient of a saturated solution was found to have 
a value of 0.066 per cent. With decreasing concentration, the 
coefficient increases markedly, passing through a maximum value 
of about 3.6 per cent at a dilution of 1.1 liters, and thereafter 
decreases to a value of about 1.55 at dilutions above 4.0 liters. 
In the case of potassium solutions (50) similar results were ob- 
tained. Gibson and Phipps measured the temperature coeffi- 
cients of resistance for sodium and potassium solutions with 
corresponding results. They calculated the differential tempera- 



SOLUTIONS OF METALS IN LIQUID AMMONIA 


295 


ture coefficient, which was found to be independent of the tem- 
perature. In other words, the conductance is an exponential 
function of the temperature at all dilutions. 

That the negative carrier is the same in all solutions of metals 
in ammonia has been well brought out by Gibson and Argo (44, 
45) in their photometric measurements. They determined the 
absorption of lithium, sodium, potassium, magnesium and cal- 
cium. solutions at low concentrations and obtained practically 
identical results. The absorption curves for all these metal so- 
lutions were found to be the same. This result must necessarily 
lead to the assumption that in these solutions there is present a 
particle that is common to all. Since the experiments were made 
in dilute solutions, in which there are no free electrons, it would 
appear that the color and the absorption is due to complexes be- 
ing formed between the electron and solvent molecules. It 
would be highly interesting to investigate the absorption of these 
solutions at higher concentrations where there are present nega- 
tive carriers that are not associated with molecules of ammonia. 

DENSITIES 

Seely (4) observed in his first qualitative experiments that an 
increase in volume results when ammonia is added to the alkali 
metals. Kraus and Lucasse (17, 21) noticed this abnormal 
change and made some calculations based on the volume of their 
conductivity cells. They calculated the density of a saturated 
solution of sodium in liquid ammonia to be 0.54, and that of a 
saturated potassium solution, 0.632. The density of pure liquid 
ammonia at —33.8° is 0.6824 (51). Kraus, Carney and Johnson 
have measured the density of sodium solutions over a fairly wide 
range of concentration at —33.8°. A value of 0.5782 was found 
for the density of the saturated solution. This means that if a 
saturated solution of sodium in ammonia is prepared, one in which 
for every gram-atom of sodium (23 grams) there is present approx- 
imately 93 grams (5.5 moles) of ammonia the volume of the 
mixture is markedly greater than the sum of the volumes of the 
two constituents. Twenty-three grams of sodium occupy 
about 23 cc. and 93 grams of liquid amm onia about 135 cc. at 
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—33°. If no change in volume were to take place when the 
sodium is dissolved, the total volume of the solution would be 
about 160 cc. However, calculations from the measured density 
as given above show that the total volume is slightly more than 
200 cc., which represents a volume increase of 41 cc. or approxi- 
mately 25 per cent. No other system shows a volume change 
of such magnitude. 



Pro. 4. Thb Density and Volume Change job Solutions op Sodium in Liquid 
Ammonia at -33.8° 


The results for sodium solutions are plotted in figure 4. Curve 
I represents the density as a function of the concentration ex- 
pressed in terms of gram-molecules of amm onia per gram-atom 
of sodium. Curve II gives the volume change accompanying 
the formation of the solutions from their components. The 
density is seen to increase steadily with increasing dilution and 
to approach the value for pure ammonia at low concentrations. 
The volume change for a saturated solution is about 41 cc. per 
gram-atom of sodium. With decreasing concentration, the vol- 
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ume change first increases, reaching a maximum of 43.4 cc. per 
gram-atom of sodium at a concentration of 11.25 gram-molecules 
of ammonia per gram-atom of sodium. At still lower concentra- 
tions the value of the volume change decreases slowly. 

Johnson and Meyer (16) have made some measurements of the 
densities of sodium and potassium solutions. In the case of the 
sodium solutions, the density was determined at a concentration 
as low as 64.14 gram-molecules of ammonia per gram-atom of 
sodium, and as high as that of the saturated solution. These 
values agree with those shown in the figure, while the values at 
low concentrations give a regular curve. When it is extrapolated 
to infinite dilution, a value for the density of pure ammonia is 
obtained which agrees with that given by Cragoe and Harper. 
The density of a saturated solution of potassium in liquid ammo- 
nia is somewhat higher than that for sodium. The value at 
—33.2° is 0.6282. This is in good agreement with the value cal- 
culated by Kraus and Lucasse. The form of the density curve 
for potassium is the same as that for sodium. The volume 
change curve is also of the same type; a value of 27.34 ec. per 
gram-atom of potassium is found for the saturated solution. As 
the solution becomes more dilute in metal, the volume change in- 
creases to a maximum value of 29.50 at a concentration of about 
13.0 gram-molecules of ammonia per gram-atom of potassium; 
then, in the more dilute regions, the volume change gradually 
decreases. 

If one examines the densities of solutions of ordinary salts in 
liquid ammonia (16), no abnormalities are found. A solution 
of sodium bromide in ammonia has a density greater than that 
of pure ammonia, and as the solution is diluted the density de- 
creases and approaches that of ammonia. Thus, the increase 
in volume noted in the case of the metal solutions can not be 
attributed to the metal ions; it must be due to the negative con- 
stituent, the electron associated with solvent molecules. The 
envelope of ammonia molecules associated with the electron 
must possess a considerable volume to account for these results. 
The partial molal volumes have been calculated (16) for sodium 
and potassium in liquid ammonia as well as for some of the salts 
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in this medium. It is quite probable that when sufficient data 
of this nature have been collected, so that a comparison may be 
made of the metal solutions with the salt solutions at very low 
concentrations, more may be said about the nature of this nega- 
tive constituent. It should be possible to obtain a relative value 
for the volume occupied by the ammoniated electron. 

ACTIVITIES 

An examin ation of the form of the vapor pressure curves (fig- 
ure 1) for solutions of metals in liquid ammonia reveals a tremen- 
dous change in the vapor pressure with composition, particularly 
in the more concentrated regions. In order to apply the vapor 
pressure results for a comparison of the various thermodynamic 
functions for different metal solutions, the activities of metals in 
liquid ammonia have been calculated (16). For this purpose the 
Duhem equation is applied in the following form: 

d log os - — Ni/N s d log oi 

If the mole ratio Ni/Ni is plotted as ordinates against 10 + log Oi 
as abscissae, then, upon integrating between the limits a, and a m , 
where a, is the activity of the saturated solution which, as a 
standard, may arbitrarily be set equal to unity, and a m is the 
activity at any molality m, the following is obtained: 

log Om/a 9 = — Area under the curve between a, and Om 

In this calculation «i, the activity of the solvent, is set equal to 
Pi/pS, where pi is the vapor pressure of the solution at any given 
temperature, and pi B is the vapor pressure of the pure solvent at 
the same temperature. Such calculations of Oj, the activity of 
the metal, have been carried out for lithium, sodium and potas- 
sium in liquid ammonia at different temperatures. With the 
value of a 2 taken as 1.0 for the saturated solution in each case, 
calculations show it to be greatly reduced as the concentration of 
dissolved metal decreases. The activity of potassium changes 
about 25,000 times at 0° as the concentration changes only 2.571 
times, and for lithium the change is about 3 X 10® for a change in 
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concentration of about 4.0 times (temperature of —39.4°). The 
large change here is due to the fact that the vapor pressure 
changes from 4 mm. to 500 mm. over a very small range of con- 
centration. The activity change with concentration in the case 
of sodium is less than that found for potassium. Bronsted (52) 
gives values for sulfuric acid in which the change in activity is 
approximately 2500 times for a concentration change of 17 
times. 

When vapor pressure data are available for these solutions in 
the more dilute regions, it would be desirable to calculate the ac- 
tivities on the basis of a 1 N solution as the standard state; thus 
all calculations might be placed on a comparable basis. Then 
a comparison of the activities of the metals in ammonia could be 
made with those of salts in the same solvent under comparable 
conditions. Such a comparison would undoubtedly lead to 
interesting results, 

PHOTOELECTRIC PROPERTIES 

A preliminary experiment has been carried out by Kraus (43) 
to determine whether or not the solutions of metals in amm onia 
exhibit photoelectric activity. He introduced 0.25 gram of lith- 
ium into a tube with a platinum wire sealed in at the bottom to 
make contact with the metal solution. An aluminum wire was 
fixed about 3.5 centimeters above the surface of the metal and 
connected with an electrometer. When the metal dissolved in 
the ammonia, a photoelectric activity Was immediately observed. 
With a 16-candle power lamp held about a foot from the metal, 
the electroscope was found to discharge in 5 seconds. It was 
also observed that the discharge took place with negative as well 
as positive charge of the electrometer system. This action is 
explained by the fact that, owing to the presence of the platinum 
wire in the solution, decomposition takes place rapidly and par- 
ticles of the solution are projected on the aluminum wire. It was 
observed that the photoelectric effect is not due to free metal 
since, in the experiments, the vapor pressure of the solution was 
much above that required of a saturated solution. The effect is 
therefore due to the solution of lithium in ammonia. 



300 


WARREN C. JOHNSON AND ALBERT W. METER 


REFERENCES 

(1) Franklin and Kraus: Am. Chem. J. 21, 8 (1899). 

(2) Weyl: Ann. Physik 121, 601 (1864). 

(3) Seely: Chem. News 22, 117 (1870). 

(4) Seely: Chem. News 23, 169 (1871). 

(5) Seely: J. Franklin Inst. 61, 110 (1871). 

(6) Gore: Proc.Roy. Soc. (London) 20, 441 (1872). 

(7) Gore: Phil. Mag. 44, 315 (1873). 

(8) Moissan: Compt. rend. 136, 177 (1903). 

(8a) Moissan: Compt. rend. 127, 685 (1898). 

(9) Guntz: Compt. rend. 133, 872 (1901); 133, 1209 (1901). 

(10) Cottrell: J. Phys. Chem. 18, 85 (1914). 

(11) Ruff and Geisel: Ber. 39, 831 (1906). 

(12) Joannis: Ann. chim. (8) 7, 5 (1906). 

(13) Kraus and Johnson: J. Am. Chem. Soc. 47, 725 (1925). 

(14) Kraus, Carney and Johnson: J. Am. Chem. Soc. 49, 2206 (1927). 

(15) Johnson and Meyer: J. Phys. Chem. 33, 1922 (1929). 

(16) Johnson and Meyer: Unpublished results. 

(17) Kraus and Lucasse: J. Am. Chem. Soc. 43, 2529 (1921). 

(18) Ruff and Zedner: Ber. 41, 1948 (1908). 

(19) Kraus: J. Am. Chem. Soc. 29, 1557 (1907). 

(20) Kraus: J. Am. Chem. Soc. 30, 1197 (1908). 

(21) Kraus and Lucasse: J. Am. Chem. Soc. 44, 1949 (1922). 

(22) Joannxs: Compt. rend. 112,392 (1891). 

(23) Joannis: Compt. rend. 113, 795 (1891). 

(24) Joannis: Compt. rend. 109, 900 (1889). 

(25) Joannis: Compt. rend. 109, 965 (1899). 

(26) Joannis: Compt. rend. 110, 238 (1890). 

(27) Joannis: Compt. rend. 115, 820 (1892). 

(28) Moissan: Compt. rend. 128, 26 (1899). 

(29) Moissan: Bull. soc. chim. (3) 19, 947 (1898). 

(30) Moissan: Ann, chim, phys. (7) 18, 289 (1899). 

(31) Moissan: Bull. soc. chim. (3) 21, 904 (1899). 

(32) Moissan: Bull. soc. chim. (3) 31, 549 (1904). 

(33) Kraus: J. Am. Chem. Soc. 30, 653 (1908). 

(34) Roozeboom: Compt. rend. 110, 134 (1890). 

(35) Benoit: Bull. soc. chim. 33, 908 (1923) . 

(36) Mentrel: Compt. rend. 135, 790 (1902). 

(37) Roederer: Compt. rend. 140, 1252 (1905). 

(38) Franklin and Kraus: Am. Chem. J. 20, 850 (1898). 

(39) Cady: J. Phys. Chem. 1, 707 (1896-7). 

(40) Kraus: J. Am. Chem. Soc. 30, 1323 (1908). » 

(41) Kraus: J. Am. Chem. Soc. 36, 864 (1914). 

(42) Kraus: Trans. Am. Electrochem. Soc. 21, 119 (1912). 

(43) Kraus: J. Am. Chem. Soc. 43, 749 (1921). 

(44) Gibson and Argo: Phys. Rev. 7, 33 (1916). 

(45) Gibson and Argo: J. Am. Chem. Soc. 40, 1327 (1918). 



SOLUTIONS OF METALS IN LIQUID AMMONIA 


301 


(46) Gibson and Phipps: J. Am. Chem. Soc. 48, 312 (1926). 

(47) Fbankun and Kraus: Am. Chem. J. 23, 277 (1900) . 

(48) Johnson and Fernelitjs: J. Chem. Education 7, 981 (1930). 

(49) Jafpb: Ann. Physik. 32, 148 (1910). 

(50) Kraus and Lucasse : J. Am. Chem. Soc. 45, 255 (1923). 

(51) Cragoe and Harper: But. Standards, Sci. Papers, No. 369 (1920). 

(52) BrSnsted: Z. physik. Chem. 68, 693 (1910). 

(53) Kraus: Properties of Electrically Conducting Systems. American Chemi- 

cal Society Monograph Series, Chemical Catalog Company, New York 
(1922). 

(54) Biltz and Huttig: Z. anorg. allgem. Chem. 114, 241 (1920). 




THE BEHAVIOR OF ELECTROLYTES IN DILUTE 
METHYL ALCOHOL SOLUTION 

JOHN WARREN WILLIAMS 

Laboratory of Physical Chemistry , University of Wisconsin , Madison 
Received January IB, 1981 

The development of the modem ideas concerning the nature of 
electrolytes in solution may be said to have begun with the theory 
of Arrhenius. But because the apparently anomalous behavior of 
strong electrolytes in solution could not be satisfactorily explained 
on the basis of the van’t Hoff law of dilute solutions and the 
classical law of mass action it has been necessary to modify the 
original theory in a number of important details. More recent 
investigators have been able to overcome a number of these 
difficulties with the strong electrolytes by considering them to be 
completely ionized and assuming that the electrical forces between 
the ions account quantitatively for the observed deviations. The 
most successful of these interionic attraction theories we owe to 
Debye and Hiickel who showed that it was possible to explain 
in a purely theoretical manner the empirical fact that the change 
of the activity coefficient of ions with concentration and the 
change of electrical conductance with concentration can be 
represented by a square root law, provided the solution is dilute 
enough so that the salt may be considered to be completely dis- 
sociated into ions. The explanation of these square root laws is 
based on the fact that the thickness of the ionic atmosphere 
surrounding each ion is proportional to the square root of the 
concentration. To obtain this result it is necessary to. assume 
that the principal forces between the ions are given by Coulomb’s 
law and are, therefore, inversely proportional to the square of the 
distances between them. 

In this general discussion the properties of ions and molecules 
in non-aqueous solvents are considered. It is the purpose of 
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this paper to discuss the behavior of electrolytes in dilute methyl 
alcohol solution with particular reference to the interionic attrac- 
tion theories of activity and conductance, and the extent to which 
they may be considered to be verified in this solvent. It will be 
well to have before us, then, the manner in which these theories 
are developed. Both theories involve two basic assumptions: 
(a) the electrolyte is completely dissociated; (6) the principal 
forces between the ions are Coulomb forces. 

APPLICATION OP THE ACTIVITY THEORY TO THE AVAILABLE DATA 
POR METHYL ALCOHOL SOLUTIONS 

If the principal forces between the ions are Coulomb forces, 
that is, if they are inversely proportional to the square of the 
distance between them, a random distribution of the ions in the 
solution is impossible, but, owing to the electrical attractions, 
an ion of a given sign will, on the average, be surrounded by more 
ions of unlike sign than of like sign. The whole charge of this 
atmosphere of ions is, of course, equal and opposite to the charge 
of the ion responsible for it. But, due to the existence of the 
oppositely charged ionic atmosphere, there will be a difference 
between the electrostatic potential at the surface of the ion in an 
infinitely dilute solution where no atmosphere can form and the 
potential for a finite concentration where the atmosphere does 
form. The difference between these potentials, depends on 
the distance over which the total charge is spread out. There 
will also exist an average electrical density, p, at any distance, r, 
from the central ion. This density represents the excess of the 
electricity of opposite sign to be found, on the average, in a little 
element of volume which is imagined at the distance r from the 
ion in question, and is given by the ordinary Boltzmann principle, 
as follows: 

/ _:i «i\ 

[e 

where e is the charge of a positive univalent ion, 
n is the number of positive ions in 1 cc., 

$ is the average electrical potential due to ionic atmosphere, 
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k is the Boltzmann constant, and 
Tib the absolute temperature. 

A uni-univalent salt in dilute solution is being considered here. 

The next step in the development is an exceedingly important 
one. Debye and Hiickel combined the equation of Poisson, 
which relates the electrical potential, 4 / , and the density of 
electricity, p, with the equation of Boltzmann and eliminated p 
between them. But, as Kramers (1) and Fowler (2) have pointed 
out, such a procedure is legitimate when, and only when, certain 
fluctuation terms can be neglected as small. Thus, Debye and 
Hiickel could use this method for very dilute solutions and in a 
solvent of sufficiently high dielectric constant. It is in this way 
that a result is obtained from which ^ may be determined. 

, / «* €*\ 
v** = - kT ~ 


x e n 
D 


kT 


For small potentials the quantity si nh —■ may be replaced by 

kT 

the first term of the expansion of the exponential terms of the 

n/I 

above equation, with the result, 

„ . 8t»«^ , 

V 3 dr se ■ ss jfr 

v DkT v ’ 


where 


Before proceeding with the solution of this equation, it may be 
pointed out that the mathematical simplicity of the original 
Debye and Hiickel activity theory was based upon an approxima- 
tion which made possible the combination of the Boltzmann and 
Poisson equations. Since this combination of equations involves 
a certain degree of approximation which is completely justified 
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only in very dilute solutions and in solvents of a sufficiently high 
dielectric constant it does not seem proper, as has been done in 
several cases (3), to attempt to extend the theory to the other 
solvents, to the more concentrated solutions, and to the water 
solutions containing ions 6f the higher valence types by consider- 


ing not only the term but also the next members in the expan- 

KJ. 


sion of the hyperbolic sine function without considering the 
limitations which will have been imposed by the mathematical 
approximations made prior to the expansion. 

It must be admitted that the magnitude of these fluctuation 
terms is at present unknown, nevertheless they may be proven 
to be small enough to be neglected only under the conditions 
mentioned above. There is undoubtedly a certain utility in 
making use of higher members of the expansion, but the treatment 
cannot be made exact in this manner alone. 1 

Furthermore, as will be pointed out later, the effect of a close 
approach of ions and the effect of ions, particularly those of the 
higher valence types, in orienting the solvent dipoles in their 
immediate neighborhood has not been sufficiently considered in 
the attempted extensions of the theory to more concentrated 
solutions, to solvents of appreciably lower dielectric constant, 
and to cases where ions of the higher valence types are involved. 
These effects are capable of seriously limiting the correctness of 
the two basic assumptions which have been mentioned; in other 
words, the fundamental ideas of the Debye and Hlickel theory 
itself do not lend themselves to an exact treatment in these cases. 

To proceed briefly with the derivation, the average potential 
in the space around the selected ion depends only upon the 
distance, r, from it, therefore 


dfy ^ 2 dtp 
dr 2 r dr 


k* 


1 This point is treated more exactly in forthcoming monographs by Falken- 

hagen (Hirzel, Leipzig) and by Williams and Falkenhagen (Chemical Catalog 
Co., New York). 
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The general solution of this differential equation is, 


* 


C — hr . c Jet 
-e +-e , 
r r 


where c and c' are constants. The particular solution demanded 
by the boundary conditions is 

0 -hr 

- e 
r 

In words, the significant factor which represents the decrease 
in the density of electricity with the distance is the exponential 
er iT where k has the dimension of a reciprocal length and is 
given by the formula 



In this equation there has been introduced the necessary valence 
factor to make the expression conform to a salt of any valence 
type. The ionic strength is defined by the equation 

M = i 2 

where n< is the concentration of ion of i th kind per 1000 grams of 
water, and z f is the valence of ion of i th kind in the solution. 

The expression for the potential of an ion of the i th sort is, 
by making a further approximation, 


From this potential if- it is possible to determine the thermody- 
namic functions of the solution by methods which are beyond the 
scope of this article. Since we are concerned here with the 
expression for the activity coefficient of a salt in solution the end 
result wilhbe written at once. 


- log/, = 


2? fr't-gj 2 
2 Vi 


2DkT 


JTL 

y DkT 


• S nit? 


where % is the number of ions formed by each molecule of the i th 
kind. 
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We have made measurements of the activity coefficients of 
salts of valence types 1-1, 2-1, and 3-1 in very dilute methyl 
alcohol solution at 20°C. in order to test the validity of this 
equation in this solvent which has a dielectric constant of 30 at 
this temperature. The data for the salts of valence type 1-1 
and 2-1 have been reported (4), but the data for the salt of valence 
type 3-1 are now to be reported for the first time. Substituting 
the values of the universal and variable constants, the equation 
for the logarithm of the activity coefficient of a salt in methyl 
alcohol solution becomes 


— log /, *» 2.0 Z 1 Z 2 y/~ii 

where z 1} z 2 are the valences of the ions in question, and n is the 
ionic strength of the solution. 

The activity coefficients were determined by means of the 
effect of solvent salts of different valence types on the solubility of 
highly insoluble saturating salts of the valence types mentioned. 
The apparatus for the saturation of the solutions was of the usual 
construction. The solvent and saturating salts were all subjected 
to a careful purification. The methyl alcohol was purified ac- 
cording to a recognized method. 

The data for the solubility of the tri-univalent salt, luteo 
bromide, in methyl alcohol solutions of potassium sulfocyanate 
are given in table 1. 

If one plots these, and the similar data of the previous article 

g 

(4), by taking the logarithms of the solubility ratio, log — , 

So 

as abscissae against the square roots of the ionic strengths as 
ordinates, lines having but a slight curvature will be obtained. 
The limiting slopes of the resulting curves should be expressible 
by the factor 2.0 z%z 2 of the above equation, if the Debye and 
Hiickel activity theory in its simplest form is to be verified. 
The comparison of the limiting slopes obtained for the different 
systems with those predicted on the basis of this theory in its 
amplest form is made possible by table 2. An inspection of this 
table shows that for salts of the valence type 1-1 the limiting law 
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is obeyed with the same degree of exactness that one finds for 
similar systems in water solution. When the theory is tested in 
the case of saturating salts of valence type 2-1 it is found that the 
agreement with theory, though approximate, is less satisfactory, 


TABLE I 

Solubility relations of tri-univalent salt luteo bromide in methyl alcohol at $Q°C. 

Solvent salt — KSCN 


CONCENTRATION 
07 SOLVENT SALT 

NUMBER 07 
DETERMINATIONS 

SOLUBILITY 

xio» 

p 

" V/T 


mole per liter 

0.000000 

2 

2.962 

0.000178 

0.01335 


0.000313 

4 

3.897 

0.000546 

0.02334 

0.1193 

0.000625 

2 

4.540 

0.000898 

0.02997 

0.1855 

0.001250 

2 

6.129 

0.001618 

0.04030 

0.3158 

0.002500 

2 

7.718 

0.002963 

0.05443 

0.4159 

0.005000 

2 

9.988 

0.005599 

0.07483 

0.5279 


TABLE 2 


Comparison of experimental and theoretical slopes 


SATURATING SALT 

VA- 

LENCE 

TYPE 

SOLVENT SALT 

OB- 

SERVED 

LIMIT- 

ING 

SLOBS 

THEO- 

RETICAL 

SLOPE 

Croceo chloride 

1-1 

CjHjSOjNa 

1.7 

2.0 

Groceo chloride 

1-1 

KSCN 

1.7 

2.0 

Croceo chloride 

1-1 

Ba(CIOj)» 

2.5 

2.0 

Croceo chloride 

1-1 

(C«HiCOO)jSr 

1.7 

2.0 

Chloropentammine cobalt nitrate 

2-1 

KSCN 

4.0 

4.0 

Chloropentammine cobalt nitrate 

2-1 

Ba(C10j)* 

8 

4.0 

Xantho chloride 

2-1 

KSCN 

4.0 

4.0 

Xantho chloride 

2-1 

Ba(ClOj)* 

6 

4.0 

Xantho chloride 

2-1 

(CeHjCOO)iSr 

a 

4.0 

Luteo bromide 

3-1 

KSCN 

11.5 

6.0 


and in the case of the 3-1 valence type salt the conclusion is that 
there is no agreement. The data in this last case are admittedly 
meagre, but it may be pointed out that KSCN is undoubtedly the 
best solvent salt possible, and it was used in this particular case. 

In order to make sure that these conclusions from the expert- 
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mental work were proper, Hansen and Williams (5) have studied 
the activity coefficients of ions of these three valence types in 
ethyl alcohol-water mixtures, in which it was possible to vary the 
dielectric constant of the solvent at will by ch ang ing the molecular 
ratio of ethyl alcohol to water. In all these experiments sodi um 
chloride was used as solvent salt. The comparison of the 
observed and calculated limiting slopes of the curves which 
represent the experimental data are given in table 3. 


TABLE 3 

Experimental and theoretical slopes in ethyl alcohol’-water mixtures at 25°C. 


SOLVENT 

DIELEC- 

TRIC 

CONSTANT 

OBSERVED 

SLOPE 

CALCU- 

LATED 

SLOPE 

1. 1-1 Type salt. Croeeo tetranitrodiamminocobaltiate 


1.00 mole fraction H 2 0 

78.8 

m 


0.80 mole fraction H 2 0, 0.20 mole fraction EtOH 

0.60 mole fraction H*0, 0.40 mole fraction EtOH 

64.0 



41.4 

1.31 

1.32 

0.40 mole fraction H 2 0, 0.60 mole fraction EtOH 

33.8 

1.90 

1.80 


2. 1-2 Type salt. Croeeo sulfate 


1.00 mole fraction H*0 

0.80 mole fraction H20 ? 0,20 mole fraction EtOH 

0.60 mole fraction HsO, 0.40 mole fraction EtOH. ..... 

78.8 

54.0 

41.4 

■ 

■ 

■ 

1.08 

1.76 

2.65 

3. 3-1 Type salt. Luteo iodate 



1.00 mole fraction H*0 

78.8 

1.52 

1.51 

0.80 mole fraction H*0, 0.20 mole fraction EtOH 

54.0 

4.0 

2.65 

0.60 mole fraction H s O, 0.40 mole fraction EtOH 

41.4 

6.1 

3.98 


This table definitely substantiates the statements made 'with 
regard to the behavior of these salts in methyl alcohol solution. 
One sees from it that in the case of the salt of simplest valence 
type, even when the dielectric constant of the medium has been 
reduced to 30, any deviation from the limiting slope is a second 
order effect; in the case of the 2-1 valence type salt the deviations 
are beginning to appear in the solvent of dielectric constant 40; 
and in the case of the 3-1 valence type salt the deviations are 
already large when the dielectric constant has been reduced to 
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two-thirds of the ordinary water value. Thus the figures found 
for the slopes in methyl alcohol of dielectric constant 30 could 
have been fitted into table 3 without difficulty. 

There have been stated in the derivation of the activity equa- 
tion the reasons why the writer does not believe that these dis- 
crepancies between theory and experiment can be explained by 
the expedient of including the higher terms in the expansion of 
the hyperbolic sine function. The step in the development of the 
theory leading to this hyperbolic sine function is not exact. 

It has also been suggested that the fundamental assumptions 
upon which the theory is based will have to be modified if the 
theory is to account for the behavior of ions of higher valence 
types in solvents like methyl alcohol. Bjerrum (6) has indeed 
recognized the fact that the assumption which assigns to each 
and every ion an electrical effect must be modified. Bjerrum, 
in studying not only the stronger salt solutions in water but also 
the behavior of salts in methyl and ethyl alcohol solutions 
considers two ions within a certain critical distance from one 
another as “associated” and therefore without electrical effect. 
The number of these ion pairs has been calculated by the Boltz- 
mann principle and the law of mass action. The activity theory 
is then applied to the remainder of the ions. This method, one 
which modifies the first basic assumption, actually gives a result 
for salt solutions of the higher valence types in water and for 
salt solutions of 1-1 valence type in methyl alcohol which more 
nearly approximates the result of experiment. 

More recently there has been considerable discussion concern- 
ing the assumption of 100 per cent dissociation, and the consensus 
of opinion seems to be that the assumption is not justified, even 
in water solution. One certainly may expect even greater 
difficulties with it in methyl alcohol solution for the tendency of 
ions to associate, which is also increasing with increasing charge, 
will be more pronounced in this solvent. But quite apart from 
this difficulty the simple Debye-Htickel theory does not account 
for the influence of changes in the dielectric properties in the 
neighborhood of ions, particularly those of the higher valence 
types, for it is a well-known fact that the latter may exert a 
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segregating and orienting effect on dipole molecules, producing 
what is termed solvation. This effect will probably be of even 
greater significance in methyl alcohol than in water. The 
increased electric forces in the alcohol will cause larger deviations 
from the ideal laws of solutions, and the interionic attraction term 
which corrects for these deviations will become not only larger 
but much less amenable to reasonably exact calculation. It 
appears that the dielectric constant of the medium has been 
introduced into the equations in an inexact way, for from the 
statements made above it will be evident that the main part of D 
arises from the orientation of the solvent dipoles by the field of 
the ions and would therefore be different from the dielectric 
constant of an infinitely dilute solution, that is, the bulk constant 
for the pure solvent, which is actually used. A rigorous and 
quantitative examination of this particular point will no doubt 
involve considerable mathematical difficulty. It is an effect 
which would be expected to be of considerable importance in the 
case of ions of the higher valence types in methyl alcohol, and 
will make the application of Coulomb’s law an approximation at 
best. 

The validity of the use of Coulomb’s law to express the principal 
forces between ions is directly involved in the close approach 
of two ions, particularly those of higher charge. In this event the 
force between them will be modified so as to involve some other 
power of the distance, and therefore the limiting or square root 
law, based upon the assumption of ordinary Coulomb forces 
always acting between ions, will be only approximate. Since the 
greatest discrepancies between experiment and theory are always 
noted in the cases of ions of the higher valence types it appears 
reasonable that this difficulty exists. 

The corrections to be applied to Coulomb’s law for the effect 
due to the close approach of ions and for the effect of segregation 
and orientation of solvent dipoles is an extremely difficult prob- 
lem, yet it may eventually be solved. 

Conclusion 

From the standpoint of the interionic attraction theory of 
activity methyl alcohol may be considered to be a “water-like” 
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solvent. Differences in the behavior of electrolytes dissolved 
in it rattier than in water are shown to be differences of degree 
only. The activity data in this solvent are valuable in that they 
demonstrate the inadequacy in non-aqueous solutions of the two 
basic assumptions of Debye and Hlickel. They also indicate 
the nature of the additional assumptions which will have to be 
made if experiment and theory are to agree. 

APPLICATION OP THE CONDUCTANCE THEORY TO THE AVAILABLE 
DATA FOR METHYL ALCOHOL SOLUTIONS 

The interionic attraction theory of conductance has-been 
developed by the use of methods which are similar to those used 
in dealing with the activity problem. The original theory of 
Debye and Hiickel (7) was modified by Onsager (8), and it is in 
this latter form that it has been most successful. It cannot be 
said to have achieved the success that the activity theory has, 
yet it has stimulated a widespread interest in the accumulation of 
precision data for the conductances of salts in very dilute solution 
and in a number of solvents, and it has revolutionized the mode of 
treatment of these data. The reason that the conductance theory 
is less exact than the activity theory is not difficult to explain; 
in the conductance theory an irreversible process is being con- 
sidered, while in the activity theory there is investigated an 
equilibrium condition to which the exact laws of thermodynamics 
may be applied. It means that a greater number of assumptions 
will be required in the former case, and an increase in the number 
of assumptions is always accompanied by a decrease in the ac- 
curacy with which a given phenomenon may be described. 

In the classical theory of Arrhenius the decrease in equivalent 
conductance or molar conductance with increasing concentration 
was explained by assuming that the number of ions, that is, the 
number of carriers of the current, was continually decreasing. 
But in the interionic attraction theories the number of ions 
present is assumed to be always exactly proportional to the total 
concentration, so that the classical explanation for. the decrease 
in molar conductance with increase in concentration must be 
discarded. In its place Debye and Hiickel assumed that the con- 
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ductance changed with concentration because the mobilities of the 
ions changed, and it could be shown that the ionic atmosphere 
surrounding each ion provided the necessary explanation, because 
in addition to having a definite thickness, the atmosphere is 
characterized by a definite time of relaxation. As the ion moves 
through the liquid the atmosphere of opposite sign is continually 
forming about it and relaxing behind it. Since this process 
requires a definite period of time the ion will be moving away 
from an atmosphere of opposite sign, and will consequently be 
subjected to a force which decreases its mobility. This force is 
called the electrical force of relaxation. In addition there is a 
retarding force due to the fact that since the ions of opposite 
charge are moving in opposite directions through the solvent, 
and in moving tend to carry with them a certain amount of the 
solvent, each ion may be considered to be moving not in a sta- 
tionary medium, but in one that is moving in a direction opposite 
to its motion. This is the so-called electrophoretic effect. 

In the quantitative theory the magnitude of these forces has 
been calculated, both by Debye and Hiickel and by Onsager. 
These calculations will not be given in this article; rather their 
result will be given in the simplified form adopted by Williams 
and Falkenhagen (9) in a recent review article devoted to the 
problem of conductance. The molar conductance at any con- 
centration, A, is given by the expression 

A - A b - A r - Ajj 

where A„ is the ordinary molar conductance at infinite dilution, 
Ai is the electrical force of relaxation expressed as con- 
ductance, 

A n is the electrophoretic force expressed as conductance. 
Further, 

_ IfLgj „ A 1 
1 3 DkT “ 1 + y/- q 


A n 


■ K 


and 


Til €i a + Tit 1000 1 

6 V v v 9 X 10 11 
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In these equations 


K* 


4 t e* N 
DkT 1000 7 2 S<8<S 


Li z> + Lt zi 

( z i + * 2 ) (Li zj 2 + L% Z 1 2 )' * 


Y = the concentration of salt expressed in moles per liter. 
N = the Avogadro number. 
v = the coefficient of viscosity of the medium. 

Li, L a - the mobilities of individual ions, and the other 
symbols have the significance assigned to them in 
the discussion of the activity theory. 
Introducing the universal constants, the expression for the 
molecular conductance of a simple electrolyte takes the form 




0.985 X 10 s 


(DT)i 
- a Vy 


to A_ Vs Vi*i s + 


29.0 
(DT)l : 


(Vs 


s ViZi')*^ Vy 


where 


to = 


**2 q 

1 + V? 


The molar conductance, A, is therefore given by an equation which 
is identical in form with the equation found empirically by 
Kohlrausch. It may then be said to be proven that the interionic 
attraction theory is adequate to explain Kohlrausch’s law. 

Since the conductance data now existent for dilute solutions in 
methyl alcohol are expressed in equivalent conductance rather 
than in molar conductance the above expression may be written 
for our discussion in terms of equivalent conductances, as follows: 


A* =» At 


-e 


'0. 985 X 10* 
CDT) 1 


to At 4 


29.0 (zi + z») 






/ 


+ **) 


“ At — «* V (*j + **) 7* 
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where y* is the equivalent concentration, 

A* and A* are equivalent conductances, and 


0.985 X 10« 29.0 (zi + 

(DT)i 00 + (DT)i 


If the dielectric constant of methyl alcohol at 25°C. is assumed 
to be 30 and the values of the other constants are introduced, the 
limiting slope of the curve obtained when the equivalent con- 
ductance A* is plotted against Vt* is given by the equation 

a* -109 + 1.15 v A* 

provided the discussion is limited to uni-univalent electrolytes. 
Fraser and Hartley (10) have determined the equivalent con- 
ductances of a number of salts of this valence type in methyl 
alcohol over the range of concentration, y* = 0.0001 to y* = 
0.002 and have shown that the square root law is the correct one 
to explain the change of conductance with concentration. In 
order to test the interionic attraction theory further it is neces- 
sary to compare the limiting slopes calculated by it, using the 
relation given above, with the results of the experimental work. 
This comparison is given in table 4. In a number of cases the 
differences between the theoretical and actual slopes must be 
considered to be real deviations from the limiting law. It is 
true, however, that we cannot be absolutely sure with the data 
now available that the experiments have been made in sufficiently 
dilute solution. 

More recently there has appeared an article by Unmack, 
Murray-Rust and Hartley (11) in which the conductances of a 
number of thiocyanates in very dilute methyl alcohol solution 
have been measured. The results for the thiocyanates of Ii, 
Na, K, Rb, Cs and NH*, that is, uni-univalent salts, are shown 
to be in excellent agreement with the Onsager modification of the 
Debye-Hiickel limiting law. In the case of the thiocyanates of 
Ca, Sr, Ba, and Mg, that is, bi-univalent salts, the limiting slope 
determined by experiment is always much greater than that 
calculated using the theory. Indeed, this result might have been 
predicted from experience with conductance data for water 
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solutions, for in the case of the latter, the uni-univalent and bi- 
univalent salts obey the limiting law quite well, but when the 
data for bi-bivalent salts are considered the experimentally 
determined slopes are always much too high. It can be said with 
confidence that the chief difficulty rests not with the experi- 
mental determination of the mobilities which are required for the 

TABLE i 


Conductance data for electrolytes of type 1-1 in methyl alcohol 
atheor.* = 1.15 w A«* 4- 109 
atheor- = (1.15 w A®* + 109) V2j where w » 0.5858 


BLUCTBOLTTB 


a exp. 

a theor. 

a exp. a theor. 

LiCl 

90.9 

223.5 

240.8 

-17.3 

NaCl 

97.0 

230.5 

246.6 

-16.1 

7.3 

KC1 

105.1 

261.6 

254.3 

RbCl 

108.7 

281.5 

257.7 

23.8 

CsCl 

113.6 

282.8 

262.4 

20.4 

KF 

94.0 

236.1 

243.7 

-7.6 

KBr 

109.4 

261.6 

258.4 

3.2 

KI 

114.9 

260.2 

263.6 

-3.4 

NH 4 C1 

111.0 

263.8 

259.9 

3.9 

HC1 

193.5 

367.7 

338.5 

29.2 

LiNOs 

100.3 

250.3 

249.7 

0.6 

NaNOa 

106.5 

288.5 

255.6 

32.9 

KNO* 

114.6 

345.0 

263.3 

81.7 

RbNOa 

118.2 

355.0 

266.8 

88.2 

CsNO, 

123.0 

378.9 

271.3 

107.6 

AgNO* 

113.0 

451.1 

261.8 

189.3 

NaBr 

101.5 

240.4 

250.9 

-10.5 

NaOCH* 

98.4 

222.0 

247,9 

-25.9 

NaC10 4 

115.1 

280.0 

263.8 

16.2 



calculation of a*, but with the fact that most electrolytes are 
“associated” in methyl alcohol solution, even at great dilution. 

If associated ions are present the basic assumptions of the 
interionic attraction theories, mentioned in the introduction, 
must be modified in any exact treatment. Deviations from 
Coulomb’s law will undoubtedly occur when the distance between 
two ions becomes small, and they will be especially great in the 
case of polyvalent ions. It is only assumed that the principal 
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forces between the ions are given by Coulomb's law, and the 
theory does account for the influence of Coulomb's forces upon 
the mobilities of the ions. But to make the theory exact it is 
clear that the deviations must also be accounted for, and it will 
be necessary to determine the manner in which the forces vary as 
the distances of approach of the ions become smaller. This is 
definitely a problem of the newer physics. 

One may also object to explaining the change of conductance 
with concentration as due solely to a change in the mobilities of 
the ions. With “ion pairs" present the conductance should 
decrease because the number of carriers is decreased as well, and a 
quantitative theory of conductance will therefore require that a 
method to measure the “degree of association" be made available. 
For this purpose the method used by Bjerrum, already referred 
to, has much to recommend it. 

In this discussion no cognizance has yet been taken of the fact 
that a portion of the discrepancy between theory and experiment 
may be accounted for by the consideration of second and higher 
order terms, involving the dimensions of the ions. If the effect 
of these terms is included an improvement should result, yet it is 
our belief that this correction will not account for the major part 
of the deviations. 


Conclusion 

Methyl alcohol may also be considered to be a “water-like" 
solvent from the standpoint of the interionic attraction theory of 
conductance. Deviations between theory and experiment are 
sometimes marked even in the case of the simplest type of 
electrolyte in dilute solution, but these may be expected when 
the discrepancies which are found in water solution are con- 
sidered. They demonstrate the same inadequacies in the basic 
assumptions underlying the conductance theory which were 
found in the case of the activity theory, and which are to be 
accounted for chiefly by association and solvation of the ions. 
The effect of both is to limit the applicability of Coulomb's law 
to express the interionic forces. The association of ions, prev- 
alent in methyl alcohol solution, also makes it impossible to 
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completely account for the change in conductance with con- 
centration by assuming that only changes in the ionic mobilities 
need be considered. 
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The method to be outlined is an outgrowth of the treatment of 
gaseous systems used in the laboratory of the Massachusetts 
Institute of Technology. It may be regarded also as a quantita- 
tive development of the treatment of Hildebrand, although it 
disagrees with his ideas in some important details, or as a method 
of freeing the van Laar treatment from the inadequacies of the 
van der Waals equation. In this paper is presented Hie simplest 
first approximation. Though its success is not astounding, it is 
hoped that the presentation will show some of the reasons for the 
limitations of so simple a theory, as well as indicate some of the 
possibilities of improvement. It will also serve as a comparative 
review of the different theories. 

The general method is to make all variations of composition 1 
and temperature at such low pressures that the perfect gas laws 
are applicable, and to make the pressure variations at constant 
temperature and composition (1). There is no obvious method 
of extending to liquids the treatment of free energy itself, but 
progress may be made through the energy. We may express the 
energy of a mole of liquid as Ui = Uo — u. Uo is the molal 
energy of the gas at zero pressure, and we need not consider it 
further for it is a function only of the temperature, independent 
of the pressure, the state of aggregation, and of the composition 
unless there is a chemical change which persists at zero pressure. 

i “Composition” is used in the stoichiometric sense of ratio of the components, 
disregarding any chemical reaction which may occur. 
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We shall call u the cohesive energy. At sufficiently low vapor 
pressures it is equal to L — RT. For those substances for which 
the computation can be made, that is, those for which the con- 
stants of the Beattie-Bridgeman equation of state (2) have been 
determined, u is about 1 per cent greater than L — RT at the 
boiling point, the difference varying from 0.8 per cent for ammonia 
to 1.3 per cent for argon. So, at the boiling point or below, we 
may take L — RT as the cohesive energy. 

For most substances the heat of evaporation has not been 
determined, but we may make use of an extension of Hildebrand’s 
amendment (3) of Trouton’s law. We may express the vapor 
pressure as 


B — A/T 

T 1 + 0.05(B - A/D 


L-BT 


2.303 BA 

[1 + 0.05(B - A/Dl* 


By the Trouton-Hildebrand law, B has the same value for all 
normal liquids, and the single specific constant, A, may be deter- 
mined from a single vapor pressure or boiling point measurement. 
Taking B as 4.7 for normal liquids, as 5.0 for esters, aldehydes 
and ketones, and as 5.7 for water and the alcohols, the agreement 
is excellent for pressures from 3 to 2000 mm. The few available 
measurements indicate that the agreement is not so good for 
lower pressures. Since the measurements of boiling points are 
generally more accurate than those of vapor pressure, we shall 
use them to measure A and u. We shall be interested in the 
cohesive energy per unit volume or cohesive energy density, u/V. 
Since the measurements of volume are generally made at 20°, we 
shall use u and u/V calculated for that temperature. 

Our first problem is to determine the shape of the energy com- 
position curve for liquid mixtures. We shall attack it by con- 
sidering an ideal solution — one with zero change in volume and 
energy on mixing. The forces acting on a given molecule must 
be independent of the composition, but what is the relation be- 
tween the forces acting on a molecule of the first species to those 
acting on one of the second? We might expect that two sub- 
stances should form an ideal solution, not whan their cohesive 
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energies per mole are equal, but when they have the same energy 
density. This corresponds to the facts. 

For non-ideal solutions also we shall neglect the change in 
volume, and we shall consider only the case in which the inter- 
action between any pair of molecules is independent of the com- 
position. We may then split the cohesive energy of a mole of 
the mixture in the following way 


guFiSi "b 2 anViViXiXi -j- aziV* x\ 

Wx “ ViXx + ViXi 

where the a’s are constants. For the pure components Ui = 
auVx and u t = O22F2, so that o u and <222 are the cohesive energy 
densities of the components. The energy increase of mixing is 

A U = U1X1 + — u x = (an — 2 Ou + oa) FiFj 

Fi*i + F*X2 


- A a FiF» 


X1X2 

F 1X1 + V,x, 


From our assumption of additivity of volumes, it follows 
immediately that Aff = A U. The next step is more daring, 
although it or its equivalent is made in every physical theory of 
liquid solutions, and some of the justifications are more enter- 
taining than convincing. We shall satisfy ourselves with Hilde- 
brand’s statement ( 4 ) that when “orienting and chemical effects 
are absent and the distributions and orientations are random,” 
the entropy of mixing is the same as for an ideal solution. Then 

AF — A 17 + ziRT In x t + x 3 RT In x, 

and 

pi — pa m RT In oi RT In Xi + -AaFiFj -}- Fj®»^ 

The expressions are simpler using volumes as unite rather than 
moles, when the energy increase per unit volume of the mixture is 
An multiplied by the product of the volume fractions of the 
components, and the chemical potential per unit volume of one 
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component is equal to that in an ideal solution plus Au multiplied 
by the square of the volume fraction of the other component. 
The application to vapor pressures, solubility of solids, and 
miscibility of liquids follows by the standard thermodynamic 
methods. 

To determine the behavior of a mixture from the properties 
of its components, it is necessary to make one more assumption, 
regarding the value of au- We will assume that the cohesive 
energy behaves as the gravitational energy between point masses, 
or the electrostatic energy between point charges, and that 

au ~ V aua*. 


Then 


An m (\/®u "\/ajs)*, 


which is twice the difference between the arithmetic and the 
geometric mean of a n and Oj s . The cohesive energy densities 
must differ by 20 per cent of their mean, about the difference 
for benzene and carbon bisulfide, if is to be 1 per cent of the 
mean. The accuracy of our assumption must then be very great 
if we are to predict the behavior of mixtures to a good approxi- 
mation. 

This assumption implies homogeneous molecules. Given a 
pair like naphthalene and acetone, which have nearly the same 
energy densities while one is homogeneous and the other has a 
much stronger field in one part than another, we should not expect 
them to give ideal solutions. They should be described more 
accurately by a method analogous to that of Langmuir. 


Hildebrand (5) 


uses the “internal pressure,” 


^^as a criterion 


u 


instead of y, although he suggests the latter as an approximate 


measure of the former. For a van der Waals fluid, the two are 
identical. Our derivation indicates that, when they differ, it is 
the latter which is important rather than the former. 

Hildebrand (6) and Mortimer (7) also state that the deviations 
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should be at least approximately proportional to the difference 
between the internal pressures, which is always larger than the 
square of the difference between their square roots, and is very 
much larger when the difference is small, so that nearly ideal 
solutions should be much rarer by the Hildebrand-Mortimer 
hypothesis. 

Heitler (8), by assuming that the liquid mixture corresponds 
to a cubic crystal lattice, obtains an expression similar to ours, 
except that mole fractions replace volume fractions. His basic 
assumption is equivalent to assuming equal molal volumes of the 
components, and his results should be limited to this case, for 
which his equation is the same as ours. 

Langmuir’s equation (9) may be put in the same form as ours 
by replacing energy density by energy per unit surface, and vol- 
ume fraction by surface fraction. It involves the assumption 
that the surface of contact between two surfaces is proportional 
to the product of the surfaces, which seems to me very doubtful; 
Langmuir makes the further assumption that the surface of any 
molecule is proportional to the two-thirds power of its volume, 
which seems to me certainly wrong. 

van Laar’s equation (10) is the same as ours except that van 
der Waals’ bi replaces V 1} and van der Waals’ ai/bi replaces Ou. 

Dolezalek’s theory (11) may be expressed as the assumption 
that ait *= (oi 4- at)/ 2 unless there is chemical action. In this 
case it makes no difference whether the composition be expressed 
as mole, surface, or volume fraction. The long polemic between 
van Laar and Dolezalek and their adherents is then based on the 
small difference between the arithmetic and geometric means. 
Dolezalek is in the peculiar position of denying that a force is 
physical unless it behaves as no known physical force behaves. 
Of course there are more pragmatic grounds for not accepting 
Dolezalek’s theory as general (12). 

We have to test, then, four consequences of the theory: the 
shape of the curve for the change of heat content or free energy 
on mixing; the equality of these two functions; the equality of 
each to the value calculated from the eohesiveenergy densities; 
and the use of the extended Trouton-Hildebrand law to compute 

GHBUXGAXi BBVEBWS, YOlu VHt, NO. 2 
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these energy densities. In general the last two cannot be tested 
independently. 



Fig. 1. Heat of Mixing and Volume 
Benzene-Pinene 



Fig. 2. Heat of Mixing and Volume 
Carbon Bisulfide-Pinene 


Hie shape of the curve is shown better by the measurements of 
heat content (14), because they appear to be more reliable than 
those of free energy, and because there happen to be some for 






















Fig. 6. Hdat and Free Energy of Mixing 
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substances which would be expected to behave normally and 
which have widely different volumes. The evidence in figures 1 
and 2 is clearly in favor of the volume fraction rather than the 
mole fraction. The calculated value is good in one case, and 
poor in the other. 

Figures 3 to 6 show A H and A F' — AF — Xi RT In x t — 
RT In a* for all the systems for which Hirobe (14) found large heats 
of mixing and for which the change in free energy can be computed 


TABLE 1 

Solubility of naphthalene at $ 0 0 





SOLUBILITY 

log a/z 

SOLVENT 

u/V 

V 

Meas- 

ured 

Calcu- 

lated 

Meas- 

ured 

Calcu- 

lated 

minus 

meas- 

ured 

Naphthalene (ideal) 

calories 
per cc. 

101.5 

123 





Chlorobenzene 

93.4 


0.256 

0.256 


0.000 

Benzene 

83.9 

88.89 


■ 

0.034 

0.002 

Toluene 

81.0 

106.31 


0.228 

0.064 

—0.006 

Carbon tetrachloride 

76.1 

96.45 

0.205 

0.210 

0.104 

-0.010 

Hexane 

54.2 




0.462 

0.128 

Aniline 

154.5 




0.302 

0.073 

Nitrobenzene 

143.1 



■ 

0.030 

0.187 

Acetone..' 

97.0 

73.34 

0.183 


0.153 


nr- Butyl alcohol 

123.7 

91.45 


0.232 

0.721 


Methyl alcohol , 

213.7 




1.161 


Acetic acid 

172.6 

57.23 

m3 

mm A 


-0.083 


(from vapor pressure measurements) (15). For benzene-carbon 
tetrachloride and ether-acetone A B and A F' are nearly equal. 
The calculated value agrees well in the first case, but less well 
in the second. For benzene-carbon bisulfide and chloroform- 
acetone, the discrepancy is large. In each case A F' is nearer to 
the calculated value th a n it is to AH. 

Lest these results give the impression that the usefulness of the 
theory is extremely limited, let us look in table 1 at the measured 
and computed solubilities of naphthalene at 20°. The measured 
values are interpolated from the measurements of Ward (16). 




















■ 


■ 

■ 

■ 

■ 

■ 

■ 

H 

■ 

H 

■ 

■ 


■ 










■ 


Fig. 7. Keto-Enol Isomerism in Acetoacetic Ester 
Vert Dilute Solutions 





Fig. 8. Keto-Enol Isomerism in Acetoacetic Ester 
Effect of Concentration 

Solvents (in order of decreasing intercepts) : hexane, carbon bisulfide, ben* 
zene, ethyl alcohol. 



EQUILIBRIA IN NON-ELECTROLYTE SOLUTIONS 


331 


The cohesive energy density of naphthalene itself is computed 
from the heats of fusion and sublimation; those of the solvents 
are computed by the equations given. For the non-polar sol- 
vents the agreement is as good as could be expected, and for 
aniline it is not much worse. For the more polar solvents the 
discrepancies are large, except for acetic acid, where the agreement 
is probably a coincidence. 

In our treatment of solutions we are inclined to forget that for 
a chemist the most important equilibria are chemical. In the 
simplest case, isomerism, only two molecular species are involved 
and the volumes may be taken as equal. The equations for three 
component mixtures will not be presented. At infinite dilution, 
log K should be a linear function of the square root of the energy 
density of the solvent. The intercept on the zero axis is log K 
far the perfect gas system, and the slope is proportional to the 
volume of the reactants and to the difference in the square roots 
of their energy densities. From these quantities and the reaction 
constant for the solvent-free system, it is possible to calculate 
the constant for a solution of any composition. If the energy 
densities of the reactants are known, one measurement of the 
equilibrium constant is sufficient to determine all. 

The only system which has been measured in a large variety of 
solvents is acetoacetic ester. Both forms should be highly 
polar, as are many of the solvents. The theory is doubtless 
insufficiently developed to fit this case. In figure 7 the circles 
represent the measurements of Hantsch (17) on very dilute solu- 
tions, and fall on a straight line better than would be expected. 
The crosses represent the measurements of Kurt Meyer, gener- 
ally on 3 per cent solutions, and the discrepancies are large. It 
might, be noted that the Hildebrand-Mortimer law would lead to 
log K at infinite dilution independent of the solvent. 

Figure 8 shows the change of constant with composition for 
four solvents. The broken line is that calculated for hexane, and 
the agreement is very poor. The full lines are calculated on the 
more general theory which permits a 12 to be independent of a u 
and an. To compute these curves we need the value of the con- 
stant for no solvent, one point on each curve, and one other con- 
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stant, which is the same for all the curves. The reason why 
they appear not to belong to the same family is that they are 
plotted against the mole fraction rather than the volume frac- 
tion. Here the agreement is excellent. The only difficulty is 
that the values of the constants require that the vapor pressure 
of the enol form be more than a hundred thousand times that of 
the keto form. The experimental evidence indicates that the 
ratio is of the order of a hundred, and the larger value seems out 
of the question. Even the ratio of a hundred is quite surprising, 
for we might expect the enol form to have the smaller pressure. 
So this system, which appears simple on paper, may be much too 
severe a test of the theory. It is possible that the a factors vary 
with the composition, though more experimental information is 
necessary to establish such a variation, or it may be, as suggested 
by Khorr (18), that there is equilibrium between three forms 
instead of two. 


SUMMARY 

The properties of liquid mixtures are calculated from the 
following assumptions (of which only the first is general). 

The energy of a liquid may be split into two parts: the 
energy under perfect gas conditions, which is additive 
and may be ignored; and a second part which is nearly 
equal to the energy of liquefaction, and which may be 
calculated approximately from the boiling point. 

Hie energy of mixing of two liquids depends upon their 
difference in cohesive energy density. 

The interaction between two molecules is independent of the 
composition. 

The interaction between unit volumes of two different species 
is the geometric mean of those for the two species taken 
separately. 

The entropy of mixing is the same as for perfect gas condi- 
tions. 

The theory is compared with other theories of liquid solutions, 
and with some measurements of the heat of mixing, of eq uilib ria 
- with the gaseous phase and with one solid component, and of the 
chemical equilibrium between isomers. 



EQUILIBRIA IN NON-ELECTROLYTE SOLUTIONS 


333 


BIBLIOGRAPHY 

(1) Gillespie: J. Am. Chem. Soc. 47, 305 (1925); 48, 28 (1926). 

Beattie: Phys. Rev. 31, 680 (1928). 

(2) Beattie and Bridgeman: Proc. Am. Acad. Arts Sci. 63, 229 (1928); Z. 

Physik 62, 95 (1930). 

(3) Hildebrand: J. Am. Chem. Soc. 37, 970 (1915). 

(4) Hildebrand: ibid. 51, 69 (1929). 

(5) Hildebrand: Solubility, pp. 69, 99. Chemical Catalog Co., New York 

(1924). 

(6) Hildebrand: J. Am. Chem. Soc ^51, 79 (1929). 

(7) Mortimer: ibid. 44, 1416 (1922); 45, 633 (1923). 

(8) Heitler: Ann. Physik [4] 80, 630 (1926). 

(9) Langmuir: Third Colloid Symposium Monograph, p. 3. Chemical Catalog 

Co., New York (1925). 

(10) van Laar: Z. physik. Chem. 72, 723 (1910); 83, 599 (1913). 

(11) Dolezalbk: ibid. 64, 727 (1908). 

(12) Hildebrand: Solubility, p. 83. Chemical Catalog Co., New York (1924). 

(13) Hirobe: J. Faculty Sci. Imp. Univ. Tokyo 1, 155 (1925). 

(14) Sameshima: ibid. 1, 63 (1925) for benzene-carbon bisulfide and ether-acetone. 
Zawidski: Z. physik. Chem. 35, 129 (1900) for benzene-carbon tetrachloride; 

and acetone-chloroform. 

(15) Ward: J. Phys. Chem. 30, 1316 (1926). 

(16) Hantsch: Ber. 43, 3049 (1910); 44, 1771 (1911). 

(17) Meyer: Ann. 380, 226 (1911); Ber. 47, 826 (1914). 

(18) Knorr, Rothe and Averbeck: Ber. 44, 1138 (1911). 




ELECTRODEPOSITION OF METALS FROM NON- 
AQUEOTJS SOLVENTS 

L. E. AUDRIETH and H. W. NELSON 
Department of Chemistry, University of Illinois, Urhana 

Received January 12, 1931 
INTRODUCTION 

Electrochemists, particularly electroplaters, have paid com- 
paratively little attention to the use of non-aqueous solvents. 
However, several researches in the past few years have indicated 
that developments will certainly include a study of the deposi- 
tion of metals from solutions of their salts in solvents other than 
water. It may seem a bit premature to stress the application of 
non-aqueous solvents to the problem of electrodeposition of 
metals, particularly when the fundamental electrochemical reac- 
tions in aqueous solution are still so little understood and subject 
to so much dispute. The question may be asked whether it is of 
advantage to introduce another variable in the form of a new 
solvent when the effect of such factors as temperature, concen- 
tration of solute, current density, addition agents, etc., has been 
defined only in a qualitative way. However, our knowledge of 
electrodeposition from aqueous solution is limited to a compara- 
tively small number of metals and non-metals, and attempts to 
discharge the remainder of the elements from aqueous solutions 
of their compounds, and under a variety of conditions, have thus 
far failed. Experience has shown that some metals, as such, 
will probably never be discharged from aqueous solution because 
of their reactivity with water. On the other hand, solvents are 
known which either do not attack these metals or which react 
with them only very slowly, and if such solvents give conducting 
solutions of compounds of these metals, their possible applica- 
tion as media for electrodeposition is worth investigation. De- 
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spite the comparatively small number of researches which have 
dealt with this subject, the success which has attended some of 
them should bring home to all electrochemists the applicability 
to their field of endeavor of a statement made by Conant (1) 
that, “Much important chemistry (particularly important to the 
organic chemist) has been obscured by our slavish devotion to 
water.” 

The experimental work thus far carried out brings to light 
several rather salient facts. A whole variety of solvents, viz., 
sulfur dioxide, formamide, liquid ammonia, acetamide, pyridine, 
acetic acid, ethyl bromide, etc., differing widely in physical 
properties and chemical character, has been employed. Appar- 
ently no satisfactory basis for the choice of any one solvent has 
been given. It may safely be said that scientific curiosity has 
in most instances prompted these investigations, which have 
‘ been for the greater part qualitative in nature. Even so, the 
results obtained have been rather surprising and quite en- 
couraging. 

Not only have many different solvents been employed, but the 
choice of a suitable electrolyte for solution in any specific medium 
has been hampered by a lack of information. Despite the im- 
mense amount of routine effort which has been expended in 
studying solubilities, we find that the data are limited largely to 
aqueous solutions. The literature contains few reliable refer- 
ences concerning solubilities in such solvents as pyridine, ace- 
tone, the various alcohols, acetonitrile, etc. In the case of 
liquid ammonia qualitative observations’ only are available. 

Not only does the choice of the proper salt for any one solvent 
offer a serious obstacle, but the preparation of many anhydrous 
compounds, particularly the nitrates, bromides, iodides, thio- 
cyanates and cyanides — these come nearest to being universal 
solutes — is fraught with difficulties. In some eases the presence 
of water, introduced as water of hydration, makes no difference 
so far as the final result is concerned, but in many instances the 
addition of water changes the solvent character in a rather sur- 
prising manner. Thus, water behaves as a weak acid in liquid 
ammonia, whereas it is basic towards acetic acid. In line with 
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the idea of using anhydrous salts, every effort should also be made 
to employ anhydrous solvents. The presence of a trace of water 
has been shown in some cases to prevent electrodeposition of 
certain metals, yet, on the other hand, to improve the character 
of the deposits obtained. 


HISTORICAL 

The first- recorded instance where non-aqueous solvents were 
used for the electrodeposition of a metal involved the electrol- 
ysis of solutions of lithium chloride both in acetone (2) and in 
pyridine (3) as a means for preparing lithium metal. The 
same investigator, Laszynski, also succeeded in discharging 
potassium from a solution of the thiocyanate in pyridine and 
prepared the mercury amalgams of potassium, sodium and 
ammonium by electrolysis of soluble salts of these metals in 
acetone using a mercury cathode. Kahlenberg (4) continued 
the study of the deposition of lithium from solutions of lithium 
chloride in pyridine and obtained bright, shiny deposits. He 
subsequently extended his investigations to include other non- 
aqueous solvents such as aniline, benzonitrile, and quinoline in 
addition to acetone and pyridine (5). Bright, adherent deposits 
of silver were obtained from solutions of silver nitrate in all five 
solvents. Lead was deposited from lead nitrate in pyridine; 
antimony from a solution of antimony trichloride in methyl 
alcohol. Attempts to plate bismuth from solutions of bismuth 
trichloride in methyl alcohol yielded only black, spongy, non- 
adherent products. 

DEPOSITION EROM PYRIDINE 

The problem of electrodeposition from pyridine has in recent 
years been studied very carefully by Muller (6) and his coworkers 
in Graz. Muller took special pains to make his materials abso- 
lutely anhydrous and thus succeeded in discharging metals from 
solutions of their salts in pyridine where previous investigators 
had failed. The decomposition potentials of various metallic 
salts, as well as single potentials of the metals against solutions 
containing the respective ions in pyridine were determined. 
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Silver (6a, 6b), magnesium (6d), calcium (6d), zinc (6d), copper 
(6d), iron (6d), potassium (6c), sodium (6c), and lithium (6c) were 
discharged cathodically. No deposit of beryllium (6d) was ob- 
tained upon electrolysis of a solution of beryllium bromide in 
pyridine. Muller also investigated various other solvents (6c), 
but with less success. Neither lithium nor mfl.gnftsinm could be 
deposited from solutions of their respective nitrate and bromide 

TABLE 1 


Electrodeposition from pyridine 


METAL 

SOLUTE 

CUEBENT DENSITY 
TEE SQT7AEE 
CENTIMETEE 

METAL BASE 

EBFEBBNCB 

U f 

LiCl 

amperes 

0.001-0.003 

Pt or Fe 

Laszynski 

Na 

LiNO* 

. 

Nal, NaN0 8 , 
NaSCN 
KSCN 


Pt or Fe 

Pt 

Kahlenberg, Patten 
and Mott, Miilier 
Miiller 

K 


Pt 

Mtiller 

Ca 

Ca(NOj)s 

0.0007 at 18° 

Pt 

Miiller 

Ba 

Bal 2 


Hg 

Hevesy 

Ag 

AgNO a 


Pt 

Kahlenberg, Mtiller 

Cu 

duals 


Pt 

Kahlenberg, Mtiller 

Fe 

FeCl 2 


Pt 

Kahlenberg, Mtiller 

Pb 

Pb(NOa)a 


Pt 

Kahlenberg 

Mg 

MgBr 2 

0.0003 

Pt 

Miiller 

Zn. 

Znla 


Pt 

Miiller 

Mn 

MnCla 

No deposits 

Pt 

Muller 

Be 

BeBr 2 

No deposits 

Pt 

Mtiller 

U 

TJOaCla 

No deposits 

Pt 

Pierle 

Ra 

RaBr* 

No deposits 

Pt 

Coehn 


in acetonitrile. However, a deposit of silver from silver nitrate 
in this solvent was readily obtained. Calcium did not discharge 
from a solution of the nitrate in amyl alcohol. 

Hevesy (7) found that the alkaline earth iodides were Quite 
soluble in pyridine, but was unable to deposit these directly upon 
a platinum cathode. By using a mercury cathode he did succeed 
in obtaining a 30 per cent barium amalgam. Unsuccessful 
attempts have also been made to electrodeposit radium (8) and 
uranium (9) from solutions of their compounds in pyridine. 
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ACETONE AS AN ELECTROLYTIC SOLVENT 

Acetone has also found some application in electrodeposition 
of metals. Deposits of strontium and sodium can be obtained 
from saturated solutions of the respective iodides when electro- 
lyzed at high current densities. Electrolysis of solutions of the 
chlorides of cadmium, tin, antimony, bismuth, and arsenic at 
moderate current densities also yields the respective metals 


TABLE 2 

Electrodeposition from acetone 


METAL 

SOLUTES 

CURRENT 
DENSITY PER 
SQUARE 
CENTIMETER 

METAL 

BASE 

REFERENCE 

U { 

LiCl 

amperes 

High 

Cu 

Laszynski 

LiCl 

0.001 

Pt 

Patten and Mott 

Na | 

NaSCN 


Hg 

Laszynski 

Nal 

0.2 

Pt 

Fatten and Mott 

K 

KSCN 


Hg 

Laszynski 

NH 4 + 

NH 4 SCN 


Hg 

Laszynski 

Ca 

CaCl 2 

0.001 

Pt 

Siemens 

Sr { 

Sr(N0 3 ) 2 

0.001 

Pt 

Siemens 

Srl 2 

0.2 

Pt 

Patten and Mott 

Cu 

CuCl* 

0.1 

Pt 

Patten and Mott 

Ag 

AgNO® 


Pt 

Kahlenberg 

Zn 

ZnCl 2 


Pt 

Fatten and Mott 

Cd 

CdCl 8 

0.001 

Pt 

Fatten and Mott 

Fe 

FeCl* 

0.2 

Pt 

Fatten and Mott 

Sn 

SnClg 

0.001 

Pt 

Fatten and Mott 

As 

AsCls 

0.136 

Pt 

Fatten and Mott 

Sb 

SbCU 

0.0007 

Pt 

Fatten and Mott 

Bi 

BiCl® 

0.028 

Pt 

Patten and Mott 


(10). Patten and Mott found that zinc (11) and lithium (12) 
could be deposited from solutions of their chlorides in this sol- 
vent. Siemens (13) also studied the deposition of lithium, sod- 
ium, potassium and calcium from acetone in an effort to utilize 
Vich a process commercially. 

FORMAMIDE AS A SOLVENT 

On the basis of a study of the conductivity of various inorganic 
salts in formamide, Walden (14) suggested that this solvent 
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might be employed very advantageously for the electrodeposi- 
tion of metals. A preliminary study was subsequently made by 
Rohler (15), who employed the following compounds as electro- 
lytes for the deposition of the respective cations: Pb(NO»)», 
PbCl 2 , C 11 SO 4 , CusCls, ZnO, ZnClg, SnCl 2 . Metallic anodes 
composed of the metals to be deposited were used. A quantita- 
tive study of the electrolytic reactions showed that the anodic 
losses were invariably found to be greater than the weight of 
metal deposited. These differences were ascribed to the solvoly- 


TABLE S 

Electrodeposition of metals from formamide at 100 ° 


COMPOUND 

SOLUTE PER 15 
CC. SOLVENT 

CURRENT 
DENSITY 
PER SQUARE 
CENTIMETER 

TYPE OP DEPOSIT 

Zn(CN)« 

grama 

0.5 

amperes 

0.03 

Adherent. Continued elec- 

Cd(CN) 2 

1.4 

0.02 

trolysis yielded spongy 
material 

Smooth and adherent 

Pb(NOs)* 

3.0 1 

0.03 

Non-adherent 

1 

Snl 4 

l 

1.0 

0.06 

0.04 

0.04 

Crystalline. Deposit is not 
uniform, but adheres only 
in spots 

Smooth and adherent 
Excellent deposition 

Poor 

(NH^Sndf. .............. 

2.0 

Co(C a H 8 0 2 )s-4H s O 

2.0 < 

0.02 

Ni(C 2 H 8 0*) 2 

l 

Saturated 

0.05 

0.018 

0.025 

Better deposition; adherent 
Fair and adherent 

Good and adherent 

Ni(NHs) fl Br a 

2.0 



sis of the respective electrolytes with the resultant formation of 
the metallic formamide derivative and the free acid. Chemical 
action of the acid, so formed, upon the metallic anodes was postu- 
lated to account for these discrepancies. It was found that 
dissolved oxygen, as well as exposure of the solution to air, in- 
fluenced the character of the deposit very decidedly. These 
observations have recently been checked and confirmed by the 
investigations of Yntema and Audrieth (16). In addition to the 
metals which Rdhler was able to plate from formamide these 
investigators succeeded in depositing cadmium, nickel and co- 
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bait. Magnesium, aluminum, iron, and some of the more active 
metals could not be discharged. 

ACETAMIDE AS A SOLVENT 

Another solvent which resembles formamide closely is aceta- 
mide. Although a solid at ordinary temperature, it is liquid at 
100°C., and has been found to be an excellent solvent for a 
great many inorganic salts. The compounds Zn(CN)*, Cd(CN) s , 


TABUS 4 

Electrodeposition of metals from acetamide at 100° 


COMPOUND 

SOLUTE PER 10 GRAMS 
07 SOLVENT 

CURRENT 
DENSITY PER 
SQARB 
CENTIMETER 

TYPE OF DEPOSIT 


grams 

amperes 



0.177 

0.06 

Deposit localized 


0.164 

0.03 

Smooth and adherent 


0.624 

0.06 

Smooth and bright 

(NH 4 ) 2 SnCl« 

0.368 

(Not completely 
soluble) 

0.04 

Smooth, bright, deposit; 
“treeing” after two min- 
utes 

PbCl 2 

0.278 

0.037 

Spongy and non-adherent 

Ni(NH a )«Br 2 

0.320 

0.03 

Good, adherent deposit; 
higher current densities 
give a black powdery 
deposit 

Ck>(NH,),a, 

0.260 


No deposit 

K,Co(CN). 

0.332 


No deposit 

Cod* 


0.02 

Smooth deposit; higher 
current densities give a 
black powdery deposit 

TlCjH,Oj 

0.263 

0.025 

Some adherent deposit, 
with marked “treeing” 


Snl 4 , (NH«) 2 SnCl a , PbCl*, Ni(NH,) e Br a , CoCl 2 , T1CJH.O, were 
used for the deposition of the respective metals(16). Here, 
again, metals higher than zinc in the electromotive series could 
not be discharged directly from solutions, of their salts in aceta- 
mide. 

The effect of water upon the character of a deposit is strikingly 
shown in the case of the electrolysis of a solution of zinc cyaiiide 
in acetamide. Very poor deposits were obtained using a solution 
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of zinc cyanide in pure acetamide. The addition of a drop of 
water to the electrolytic bath caused the formation of bright, 
adherent deposits, considerably superior to those obtained where 
pure acetamide solutions had been used. 

ELECTRODEPOSITION FROM LIQUID AMMONIA 

Perhaps no non-aqueous solvent has attracted so much atten- 
tion in recent years as liquid ammonia. To quote Franklin 
(17) : “Indeed in all these properties which give water its unique 
position among solvents liquid ammonia shows a most striking 
similarity to water. Excepting water itself, it is, so to speak, by 
far the most water-like substance known. Approaching water 
as it does in general properties, one might expect to find many 
resemblances between derivatives of ammonia and the analogous 
water compounds.” Reactions in liquid ammonia have been 
the subject of considerable study and have led to the adoption 
by progressive laboratories of methods of synthesis involving 
liquid ammonia as a solvent. 

The study of the electrochemical behavior of solutions of salts 
in liquid ammonia dates back to the time when interest was first 
manifested in the nitrogen prototype of water and involves the 
determination of conductivities (18) of various substances in it. 
The most important discovery in the course of these investiga- 
tions was the fact that many organic amides, imides, and nitro 
compounds yielded conducting solutions. These substances had 
been regarded as non-electrolytes in aqueous solution, yet in 
liquid ammonia they were found to behave in many instances as 
strong electrolytes. In other respects conductivity phenomena 
were found to be similar to those observed in aqueous solution. 

Attempts were made at an early date to prepare free am m oni um 
(19) by the electrolysis of solutions of ammonium salts in liquid 
ammonia, but none of these experimental efforts have ever 
yielded any conclusive results. More success attended the elec- 
trolysis of solutions of quaternary ammonium salts. The re- 
markable solubility of the alkali and the alkaline earth metals to 
give the characteristic blue solutions undoubtedly caused Pal- 
maer (20) to investigate the behavior of tetramethylammonium 
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and tetraethylammonium chlorides upon electrolysis. He noted 
the appearance of the blue color in the neighborhood of the 
cathode and concluded that the free quaternary radicals were 
discharged. Kraus (21) subsequently confirmed these results 
and in addition prepared several free mercury alkyl radicals, 
viz., HgCHj, HgC 2 H 6 , HgC 3 H 7) by electrolysis of the correspond- 
ing iodides or chlorides at temperatures as low as —60°. In the 
case of these substances Kraus says, “Ammonia not only makes 
it possible to carry out electrolyses at temperatures favorable to 
stability, but it also provides a solvent which, even with the most 
electropositive metals, reacts at a very slow rate.” 

Not until the past year has the problem of electrodeposition 
from ammonia been studied intensively. Although investiga- 
tions involving electrolytic corrosion, specifically nitridation (22) 
of metallic anodes in liquid ammonia, have been carried out, it 
was not until Groening and Cady (23) determined decomposition 
potentials of salts and metal overvoltages in liquid ammonia, 
that any interest was manifested in the electrodeposition of metals. 
The decomposition potentials were found, in general, to be of the 
same order of magnitude as those in water, but the metal over- 
voltages were found to be somewhat higher. They did not con- 
cern themselves with the type of deposit obtained. Taft and 
Barham (24) took up this problem in some detail to determine 
the effect of such factors as current density, concentration, 
acidity, nature of anion, temperature, addition agents and metal 
base, upon the type of deposit obtained in the electrolysis of 
solutions of various lead, cadmium, silver, nickel and zinc salts 
[Pb(NO») 2 , Pb(C 2 H 3 0 2 ) 2 , Ni(NH 3 ) 6 (N0 3 ) 2) Cu(NH 3 ),(N0 3 ) 2 ,AgN0 3 , 
Zn(NOs) a ]. The current densities necessary for the best 
deposits were found to be lower in liquid ammonia than in aque- 
ous solutions, except in the cases of zinc and silver. Taft and 
Barham advocate particularly the possible practical application 
of liquid ammonia solutions in the deposition of cadmium and 
lead. (See table 5.) 

This same problem has also been studied in a qualitative fash- 
ion in the author’s laboratory (25). An effort was made here to 
cover as wide a range of metals as possible by judicious choice of 
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compounds. (See table 6.) In addition to the metals mentioned 
by Taft and Barham, mercury, thallium, tin and cobalt plates 
were also obtained. Cyanides were found to be especially soluble 
in liquid ammonia and were used in the deposition of zinc and 
cadmium. The hydrated nitrates of zinc and cobalt were found 
to give deposits of the respective cations from liquid ammonia. 
As was expected, electrolysis of soluble alkali metal salts 1 brought 
about discharge of the free metals with formation of the char- 
acteristic blue solution. The persistence of the blue cathodic 

TABLE S 

Electrodeposition from liquid ammonia 

Conditions for the formation of “best” deposits (Taft and Barham: J. Phys. 
Chem. 34, 952 (1930)): temperature, boiling point of solution; anion, nitrate. 


MBTAL 

MBTAL BABB 

CURRENT 
DENSITY FBB 
SQUARE 
DECIMETER 

NORMALITY 

ACIDITY 

PER 100 CC. 07 
SOLVENT 



amperes 

■■■ 

grams 

Pb 

Fe 

0.61 


1.0 

Ni 

Ni 

0.15 

■89 

0 

Cd 

Fe 

1.21 


10 

Cu 

Fe 

3.3 

■39 

5 

Ag 

Fe 

0.92 

0.23 

0 

Zn 

Fe 

1.9 

0.53 

2 


solution is dependent upon the activity of the alkali metal. Blue 
sodium solutions are quite stable, whereas the similar solution 
formed as the result of the discharge of cesium disappears 
shortly after electrolysis is discontinued. The conclusion was 
reached from these experiments that “the phenomena of electro- 
deposition of metals from liquid ammonia solutions of their salts 
closely parallel the behavior of the corresponding aqueous 
solutions." 

Perhaps the most striking advance in recent months was the 
announcement by Booth (26) and his coworkers that they had 

1 In the case of sodium nitrate and sodium nitrite the alkali metal primarily 
discharged reacts with the solute to give a yellow precipitate. Analysis of this 
substance indicates that its composition agrees with the formula NaaNOs, sodium 
hydronitrite. See Maxted : J. Chem. Soc. Ill, 1016 (1917); also Zintl and Kohn: 
Ber.SlB, 189 (1928). 
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TABLE ft 

Electrodeposition of metals from liquid ammonia 
Temperature, boiling point of solution; metal base, copper 



Cu 2 Cl 2 . . 

CuBr 2 

AgNOs 

Zn(N0 8 )*.6H*0 

Zn(CN). 

Cdl 2 . . 

Cd(CN) a 

Hgl a 

Til 

T1NO* 

SnCl 4 

Snl 4 

Pb(N0 3 ) 2 

C3o(N0b) 2 *6H 2 0 




Slightly sol- 
uble 

Moderately 

soluble 


Very soluble 

ISIS] 

Very soluble 

f o.oe 

\ 0.55 

Very soluble 

f 0.02 

1 0.11 

Slightly sol- 

/ 0.04 

uble 

\ 0.14 

Moderately 

0.04 

soluble 


Moderately 

0.04 

soluble 


Moderately 

f 0.04 

soluble 

\ 0.14 

Very soluble 

f 0.04 

1 0.14 

Slightly sol- 

f 0.025 

uble 

\ 0.14 

Slightly sol- 

0.14 

uble 


Very soluble 

© d 


Very soluble 


CHABACTEB OF BBFOSIT 


Fair 

Smooth and adherent 
Mottled 

Smooth and adherent 
Smooth and adherent 
Crystalline; formation of 
tree-like growths 
Uneven 
Smooth 
Uneven 

Smooth and adherent 
Smooth deposition. Con- 
tinued electrolysis caused 
formation of Cd crystals 
Hg is discharged. Cu dis- 
places Hg directly from 
solution 

Crystalline and tree-like, 
mossy 

Dendritic and crystalline 

Excellent deposition 

Excellent deposit. Con- 
tinued electrolysis causes 
the deposit to scale off 
Crystalline and uneven 
Smooth; continued elec- 
trolysis results in the ap- 
pearance of crystalline 
growths 

Smooth and adherent 
Gives a metallic deposit 
which on contact with air 
turns black. (Possible 
formation of an active 
form of cobalt) 
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succeeded in depositing beryllium from liquid ammonia and 
related solvents. Their success attended the preparation of 
anhydrous beryllium nitrate by dehydration of the hydrated salt 
in fused ammonium nitrate. By the addition of ammonium 
nitrate to the solvent they were able not only to decrease the 
vapor pressure of the solution to such an extent as to make pos- 
sible electrolysis at room temperatures, but to increase the 
solubility of the solute as well. Their investigations covered 
the electrolysis of many different salts in liquid ammonia and pub- 
lication of these data is awaited with a great deal of interest. 

With the manufacture of liquid ammonia in huge quantities 
and at reasonable prices, its use as a solvent is bound to find 
practical application. Certainly it has demonstrated its value 
as an electrolytic medium and its further application along this 
line awaits only a more extended investigation of its possibilities. 
Not only the electrodeposition of metals, but cathodic reduction 
of organic compounds, should be studied in more detail. In con- 
sideration of the solubility and conductivity of many organic 
compounds in liquid ammonia, a study of electro-organic syntheses 
in this solvent should be particularly fascinating. 

* 

DEPOSITION FROM MISCELLANEOUS SOLVENTS 

A great many attempts have been made to deposit aluminum 
electrolytically, but not one of the proposed methods has thus 
far proven to be of any commercial value. As early as 1902 
Plotnikov (27) succeeded in depositing aluminum from a solution 
of the bromide in ethyl bromide. He also found aluminum 
bromide to dissolve in toluene, benzene, nitrobenzene, and car- 
bon disulfide to give conducting solutions, but was not successful 
in depositing the metal from any of these. Bos experiments were 
subsequently confirmed by Patten and Mott (28) and other 
investigators. 

A British patent covers ‘the use of acetonitrile (29) as a solvent 
for the eleetrodeposition of aluminum. The specifications call 
for 10 per cent solution of aluminum chloride in this solvent and 
suggest the use of potassium acid fluoride or phosphorus trifluor- 
ide to the extent of about 1 per cent to increase the conductance. 
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Electrolysis is permitted to take place at temperatures anywhere 
from 0-100° and the most favorable current density is given as 
2-3 amperes per square decimeter. 

A U. S. patent issued to G. L. Williams (30) covers the use of 
aluminum sulfate dissolved in oleum. This suggestion is interest- 
ing, even if not practical, from a consideration of 100 per cent 
sulfuric acid as an acidic solvent of the same type as acetic and 
formic acids. Sulfuric acid should, therefore, constitute the 
parent substance of a solvent system in the same sense as we now 
speak of ammono, aquo and thio compounds. There is only one 
slightly disturbing feature connected with the patent specifica- 
tions, since Davidson (31) reports anhydrous aluminum sulfate 
as absolutely insoluble in 100 per cent sulfuric acid. 

The most recent method for the deposition of aluminum makes 
use of solutions of aluminum alkyl derivatives such as diethyl 
aluminum iodide and ethyl aluminum diiodide in dry ether (32). 
The stringent conditions under which this process must be 
carried out make its practical application of questionable value. 
However, from a purely scientific point of view this method 
offers a new line of attack for many other elements which have 
not yet been obtained even in the metallic form. 

Evans (33) has reported the formation of a cathodic deposit 
of magnesium upon electrolysis of various Grignard solutions. 
Similar results have also been obtained by Drane and French 
(34) who used solutions of isoamyl magnesium chloride in ether. 

Various alcohols have been tried as electrolytic media. In 
fact, a process (35) for obtaining metallic lithium by electrolysis 
of solutions of lithium chloride in ethyl, propyl, butyl and amyl 
alcohols has been patented. In this connection it is interesting 
to note that Carrara (36) studied the decomposition potential of 
sodium ethylate in ethyl alcohol. 

In a series of researches being carried out in the author’s 
laboratory at the present time, a whole variety of solvents has 
been investigated in an attempt to electrodeposit the rare earth 
metals. Of the fifteen elements which are included in this group 
only five have ever been prepared in the metallic form and of 
these only two, cer ium and lanthanum, have been obtained in the 
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pure state. Hie very fact that the rare earths resemble alumi- 
num, beryllium and barium in their chemical properties makes 
the problem one which combines the objectionable features of all 
of these. 

Not only have these metals never been deposited from solu- 
tion, but attempts to prepare amalgams of the rare earths elec- 
trolytically have failed (37). Although no marked success has, 
as yet, been attained in the actual deposition of the rare earth 
metals from various non-aqueous solvents, no difficulty was en- 
countered in the preparation of rare earth amalgams. Thus, 
electrolysis of a saturated solution of anhydrous neodymium 
chloride in absolute ethanol at a current density of 0.06 amperes 
per square centimeter using a mercury cathode yielded after 10 
hours a 2.1 per cent neodymium amalgam (38). Electrolysis of 
saturated aqueous solutions at higher current densities (0.4-0.6 
amperes per square centimeter) also results in the formation of 
amalgams, but of lesser concentration. Lanthanum amalgams 
(39) have been prepared in this way, but the preparation of 
amalgams from aqueous solutions is always accompanied by 
formation of a heavy precipitate of the basic chloride, when the 
chloride is employed as solute. It would seem, therefore, that 
the preparation of amalgams by electrolysis of solutions in non- 
aqueous solvents possesses certain advantages, especially when a 
more concentrated product is desired and side reactions are to be 
avoided. 

An interesting solvent which has been found to behave in a 
rather curious m an ner is phosphorus oxychloride. Metallic 
potassium has been discharged cathodically from a solution of 
potassium iodate in this solvent (40). 

Increased interest in non-aqueous solvents has naturally 
brought about an attempt to classify these on the basis of some 
common variable. For instance, the suitability of a solvent as 
an ionizing medium was once believed to be dependent upon its 
dielectric constant. This idea has long been discarded, for it 
has been found that given the proper solute practically any 
substance may act as an ionizing medium. One of the most 
satisfactory means of differentiating solvents has recently been 
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given renewed prominence by Hall and Conant (41) and depends 
upon the affinity of a substance for the proton or hydrogen ion. 
Prom this point of view ammonia, because of its pronounced 
affinity for the hydrogen ion in the formation of the ammonium 
ion, is regarded as a basic solvent. Water has a lesser affinity 
for the proton and exhibits a smaller tendency to form the hy- 


TABLE 7 

Electrodeposition from miscellaneous solvents 


METAL 

SOLUTE 

SOLVENT 

EEFEEENCB 

Li 

LiCl 

Methyl, ethyl, 

Patten and Mott 

Ag 

AgNO, 

propyl, butyl, 
amyl alcohol 
Acetonitrile 
Aniline 
Benzonitrile 

Muller 

Kahlenberg 

Kahlenberg 

Sb 

SbCi* 

Quinoline 

Methyl alcohol 

Kahlenberg 

Kahlenberg 

Bi 

BiCl, 

Methyl alcohol 

Kahlenberg 


AlBr s 

Ethyl bromide 

Plotnikov 


AIClj 

Acetonitrile 

Lalbin 

A1 

Al a (S0 4 )a 

Sulfuric acid 

Williams 


(CJff.),AlI 

Ether 

Keyes, Swann, Kla- 

Mg 

C 2 HsA1I* 

Magnesium ( 

jrrignard solutions 

bunde and Sehick- 
tanz 

Evans 

K 

in ether 
KIO, 

| Phosphorus oxy-. 

Drane and French 

Cady and Taft 


SbCl, 

! chloride 

Nelson, Smith and 


BiCla 

Glacial acetic 

Audrieth 


SnCl 4 

acid 


As 

Nd amalgam 

AsClg 

NdCl* 

CsHjOH 

Jukkola and Audrieth 


droxonium ion, and consequently is regarded as less basic. 
Glacial acetic acid from this point of view is regarded as a very 
acidic solvent. Both Hantzsch and Walden (42) have also 
pointed out that 100 per cent nitric acid, as well as pure sulfuric 
acid, may be considered an acidic solvent. The investigations 
of Hammett (43) and his students seem to indicate that anhy- 
drous formic acid is also a very acidic solvent. 
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On the basis of this classification of solvents and from a previous 
study of the electrodeposition of metals from liquid ammonia, an 
investigation of the behavior upon electrolysis of solutions of 
salts in glacial acetic acid (44) was undertaken in the author’s 
laboratory. Ammonia and substituted amines are rather dis- 
tinctive, since they permit electrolytic discharge of the alkali 
and alkaline earth metals. These elements cannot ordinarily 
be discharged from more acidic solvents. Compounds of such 
metals as antimony, bismuth, arsenic and tin undergo consider- 
able solvolysis in more basic media, consequently the use of an 
acidic solvent such as glacial acetic acid suggested itself for the 
deposition of those elements which in their chemical properties 
lie on the borderline between metals and non-metals. 

The chlorides of tetravalent tin and of antimony, arsenic, 
titanium, germanium, and bismuth were found to be appreciably 
soluble in glacial acetic acid. However, only in the cases of 
arsenic, antimony, tin, and bismuth was it possible to obtain 
deposits of the respective metals. 

Particularly gratifying were the deposits obtained in the case 
of antimony and arsenic. Fairly concentrated solutions had to 
be employed to make them appreciably conducting. Due to the 
high resistivity of the electrolytic bath some difficulty was en- 
countered in controlling the temperature. 

Solutions of antimony trichloride (40-50 grams SbCls per 100 
cc. of HCjHgOj) when electrolyzed at low current densities 
(0.001-0.003 amperes per square centimeter) gave bright de- 
posits upon copper and brass. The addition of water was found 
to increase the conductivity of the solutions up to the point where 
more water caused formation of a precipitate. Although the 
antimony plates obtained were fairly adherent, bending and 
vigorous treatment caused the metal deposit to peel and dust off. 

Good deposits of arsenic were obtained upon electrolysis of a 
solution of arsenic trichloride (60 grams of AsClj per 100 cc. of 
glacial acetic acid) at a current density of 0.005-0.006 amperes 
per square centimeter. The use of higher temperatures did not 
cause the formation of burnt plates as in the case of antimony. 
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CONCLUSION 

It, is a rather striking fact that the subject of electrodeposition 
from non-aqueous solvents has not been given more prominence 
until comparatively recent times. The experimental work which 
has been noted in the literature would warrant, it seems, a more 
extended investigation. There is no doubt that the publica- 
tions of Franklin and Kraus dealing with liquid ammonia, those 
of Walden dealing with such solvents as liquid sulfur dioxide, 
acetonitrile, etc., those of Maass concerning hydrogen peroxide, 
those of Davidson, Conant and Hall concerning acetic acid, and 
many others also have opened up a prolific field of experimental 
endeavor and have spurred investigations in all phases of non- 
aqueous solvent chemistry. 

Many factors must be considered in undertaking investigations 
which deal with the electrodeposition of metals from non-aqueous 
solvents. Unfortunately, no satisfactory criteria are at hand to 
enable the ready choice of solute and solvent for the discharge of 
any one particular ion. However, it is to be hoped that some 
generalization may still be applied to the isolated and fragmen- 
tary information at our disposal, so thatwe may be able to predict 
what solvent and solute to employ to bring about discharge of 
any element in the periodic table. The possible realization of 
such an aim should be sufficient incentive for a more thorough 
and extended study of electrodeposition from non-aqueous 
solvents. 

REFERENCES 

(1) Conant and Hall: J. Am. Chem. Soc. 49, 3062, 3068 (1927). 

(2) Laszynski: Z. Elektrochem. 2, 56 (1895-96). 

(3) Laszynski and Gorski: Z. Elektrochem. 4, 292 (1897). 

(4) Kahlenberg: J. Phys. Chem. 3, 602 (1899). 

(5) Kahlenberg: J. Phys. Chem. 4, 394 (1900). 

(6) MOller and others : (a) Monatsh. 43, 67 (1922); (b) ibid. 43, 75 (1922); (c) 

ibid. 43, 419 (1922); (d) ibid. 44, 219 (1923); (e) ibid. 45, 525 (1924). 

(7) He vest: Z. Elektrochem. 16, 672 (1910). 

(8) Cobhn: Ber. 87, 811 (1904). 

(9) Pierle: J. Phys. Chem. 23, 517 (1919). 

(10) Patten and Mott: Trans. Am. Electrochem. Soc. 15, 529 (1909). 

(11) Patten and Mott: J. Phys. Chem. 8, 483 (1904). 

(12) Patten and Mott: J. Phys. Chem. 12, 49 (1908). 



352 


Xj. f. audrieth and h. w. nelson 


(13) Siemens: Z. anorg. Chem. 41, 249 (1904). 

(14) Walden: Z. physik. Chem. 46, 103 (1903); 64, 129 (1906); 66, 683 (1906). 

(15) R5hlbr: Z. Elektroehem. 16, 419 (1910). 

(16) Yntema and Audrieth: J. Am. Chem. Soc. 62, 2693 (1930). 

(17) Franklin: J. Am. Chem. Soc. 46, 2137 (1924). 

(18) (a) Franklin: J. Am. Chem. Soc. 27, 191 (1905). 

(b) Kraus: Am. Chem. J. 23, 277 (1900); 24, 83 (1901). 

(c) Smith: J. Am. Chem. Soc. 49, 2162 (1927). 

(19) Ruff: Ber. 34, 2604 (1901). 

Moissan: Compt. rend. 133, 715 (1901). 

(20) Palmaer: Z. Elektroehem. 8, 729 (1902). 

(21) Kraus: J. Am. Chem. Soc. 36, 1732 (1913). 

(22) Browne, Holmes and King: J. Am. Chem. Soc. 41, 1769 (1919). 

(23) Groening and Cady: J. Phys. Chem. 30, 1597 (1926). 

(24) Taft and Barham: J. Phys. Chem. 34, 929 (1930). 

(25) Audbieth and Yntema: J. Phys. Chem. 34, 1903 (1930). 

(26) Booth: J. Am. Chem. Soc. 62, 2581 (1930). 

(27) Plotnikov: J. Russ. Phys. Chem. Soc. 34, I, 466 (1902). 

(28) Patten and Mott: J. Phys. Chem. 8, 548 (1904). 

(29) British pat. 106,400 to E. L. Lalbin. Cf. C. A. 11, 2563 (1917). 

(30) Williams, G. L.: U. S. pat. 1,351,144. Cf. C. A. 14, 3200 (1920). 

(31) Davidson: J. Am. Chem. Soc. 47, 968 (1925). 

(32) Keyes, Swann, Klabunde and Schicktanz: Ind. Eng. Chem. 20, 1068 

(1928). 

(33) Evans: Report given at the meeting of the American Chemical Society in 

Cincinnati, September 1930. 

(34) Drane and French: J, Am. Chem. Soc. 52, 4904 (1930). 

(35) Patten and Mott; J. Phys. Chem. 8, 153 (1904). 

(36) Carrara: Gazz. chim. ital. 38, I, 698 (1908). 

(37) Kettbnbeil: Z. anorg. Chem. 38, 213 (1904). 

(38) Jukkola, E. E. and Audribth, L. F, ; Unpublished work. 

(39) Meints, R. E. and Audribth, L. F.: Unpublished work. 

(40) Cady and Taft: J. Phys. Chem. 29, 1057, 1068 (1925). 

(41) Hall and Conant; J. Am. Chem. Soc. 49, 3047, 3062 (1927). See also J. 

Chem. Education 7, 782 (1930). 

(42) Hantzsch and Walden: Z. Elektroehem. 29, 228 (1923); Ber. 58, 620, 955 

(1925); Z. anorg. Chem. 29, 383 (1902); Z. angew. Chem. 37, 390 (1924). 

(43) Hammett and Dietz: J. Am* Chem. Soc. 62, 4795 (1930). 

(44) Nelson, H. W., Smith, L. H., and Audribth, L. F.: Unpublished work. 



POLYMERIZATION 1 

WALLACE H. CAROTHERS 

Experimental Station , E. 1 . du Pont de Nemours and Company , Wilmington , 

Delaware 

Received March SI, 1931 
TABLE OF CONTENTS 

I. Definitions . 354 

1. Current definitions 354 

2. Proposed definitions 355 

3. Linear and non-linear polymers 356 

4. Types of compounds capable of polymerizing 356 

5. Types of polymerization 357 

6. Condensation polymerizations and bifunctional reactions 358 

II, Condensation polymerization 359 

1. Polyesters 359 

a. The self-esterification of hydroxy acids 359 

b. Polyesters from dibasic acids and glycols 361 

2. Bifunctional Wurtz reactions and Friedel Crafts reactions 368 

3. Other bifunctional reactions 369 

a. Polyamides . 370 

b. Polyamines 370 

c. Poiyacetals . 371 

d. Polyanhydrides 371 

e. Grignard reactions 372 

f. Sulfur and selenium compounds 373 

g. Miscellaneous 374 

4. Stereochemical factors involved in condensation polymerization. , . 376 

a. Large rings. .' 380 

III. Polymerization involving cyclic compounds 383 

1. Six-membered cyclic esters 383 

2. Adipic anhydride 388 

3. Diketopiperazines and polypeptides 389 

4. Ethylene oxide 391 

IV. Addition polymerization of unsaturated compounds 392 

1. Ethylene and other olefines 393 

2. Vinyl compounds 394 

3. Dienes. * 399 

4. Aldehydes 401 


1 Studies on polymerization and ring formation. IX. Communication No. 55 
from the Experimental Station of the E. I. du Pont de Nemours and Company, 



354 


WALLACE H. CAROTHERS 


V. Polyfunctional reactions and non-linear polymers . , , 402 

VI. Natural polymers 404 

1. The association theory versus the structural theory 404 

2. Cellulose 406 

3. Rubber 408 

VII. The physical properties of high polymers 412 

1. Solubility and colloidal properties 413 

2. Crystallinity 415 

3. Mechanical properties 418 


This review is concerned with reactions that result in the combination of simple 
molecules to form materials of high molecular weight, and especially with the 
nature of such reactions and the structure and properties of the products. For 
the sake of comparison, the structures of certain natural polymers concerning 
which it is possible to make definite statements are briefly considered also. The 
literature on the subject of high polymers is most profuse, and from the theoretical 
side it has until very recently been contradictory and confused. For these 
reasons the present discussion is of necessity rather selective and critical. (For 
other general discussions of certain aspects of this field the reader may consult 
references 1 to 7 and 18.) It is necessary also to define especially the sense in 
which certain terms are to be used. 

I. DEFINITIONS 

1. Current definitions 

It is generally agreed by organic chemists (9) that polymeriza- 
tion is chemical combination involving the operation of primary 
valence forces, and that the term polymer should not be used 
(as it frequently is by physical and inorganic chemists) to name 
loose or vaguely defined molecular aggregates. Beyond this, 
however, there is not much agreement. The word polymer was 
introduced by Berzelius (12) nearly a century ago to recognize 
the fact that two compounds may have the same composition but 
different molecular weights, and he classified polymerism as a 
special type of isomerism. The accepted meaning of these ter ms 
has subsequently undergone considerable change, but current 
textbook definitions always state that a monomer and its polymer 
have the same composition, and it is usually either stated or 
implied that the process of polymerization is peculiar to un- 
saturated compounds and consists in self-addition. But recently 
discovered facts show that these conditions really are not satisfied 
in many instances to which the terms polymer and polymerization 



POLYMERIZATION 


355 


are applied. The formula of a-polyoxymetbylene, for example, 
is not (CHaO)x, but (CH 2 0) x H 2 0 (110). 

It is true also that many compounds which are not unsaturated 
are capable of reacting with themselves to form products of high 
molecular weight, and that such reactions are quite commonly 
called polymerization. For example, benzyl chloride in the pres- 
ence of aluminum chloride: 

x C,H s CH l Cl — (C»H e )* + X HC1 

One can assume that the first step in this reaction is the elimina- 
tion of HC1 to yield the radical C 6 H 6 CH=, which, being un- 
saturated, is capable of reacting with itself by addition. On the 
other hand, it may be that this is simply a polymolecular Friedel 
Crafts reaction, the first step being the formation of CeH 6 CH 2 - 
CjHiCHjiCl, which is capable of reacting with itself by the same 
mechanism and finally yielding a very long chain in which the 
chlorine content is negligible. If the usual definitions are 
adopted, this reaction can properly be called polymerization only 
if it proceeds by the first mechanism. Curiously enough, one 
actually finds in the literature cases in which the fact that a 
reaction is called polymerization is used to prove that the first 
step must be the formation of an unsaturated intermediate cap- 
able of reaction with itself by addition. It is perhaps unnecessary 
to say that the questions of the composition of high polymers 
and the mechanism of their formation are frequently rather intri- 
cate and cannot be solved in advance by definition. 

8. Proposed definitions 

It is more practical and useful (and also more consistent with 
actual usage) to define polymerization as any chemical com- 
bination of a number of similar molecules to form a single mole- 
cule. A polymer then will be any compound that can be formed 
by this process or degraded by the reverse process: formaldehyde 
can be regenerated from polyoxymethylene by the action of 
heat; ethylene glycol can be obtained from polyethylene glycol 
by hydrolysis; cellulose can be hydrolyzed to glucose; and rubber 
can be formed by the reaction of isoprene with itself. 
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3. Linear and non-linear polymers 

The simplest and perhaps the "most numerous and important 
high polymers are characterized structurally by the fact that 
their molecules are long chains built up from a repeating radical 
or unit. This type of structure may be represented by the general 
formula, 

-A-A-A-A-A-A-A-A-A- 

The repeating radical — A — is called the structural unit. The 
number and nature of these units determine the nature of the 
molecule. To complete this formula it is necessary to specify 
the disposition of the terminal valences; they may conceivably 
be mutually joined to form a cyclic structure or saturated by 
univalent groups. Whether the chain is open or closed, polymers 
of this class will be called linear polymers. It should be added 
that linear high polymers are usually mixtures containing chains 
of different lengths. 

If the polymer is derived from a single compound the structural 
units of the chain will in general be identical, but the mutual 
reaction of two or more compounds that are chemically similar 
but not identical may lead to chains made up from two or more 
different units. Such products will be called linear mixed 
polymers. 2 Many polypeptides and proteins belong to this 
class. Non-linear polymers also exist; they can be formed, for 
example, by the cross linking of long chains into two- or three- 
dimensional structures. 

4- Types of compounds capable of polymerizing 

The step-by-step synthesis of long molecular chains containing 
a repeating unit is illustrated by Fischer’s famous synthesis of 
polypeptides. Reactions of polymerization, however, lead to 
the formation of polymeric chains in a single operation. The 
capacity for self-combination of this kind is found among simple 
molecules of three different types: (a) unsaturated compounds; 

1 The term heteropolymer has also been suggested (23). 
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( b ) cyclic compounds; (c) polyfunctional compounds. These are 
illustrated by the following examples. 

(а) n CHjj=0 + H s O -* HO — CH s O — CHsO — . . . — CH 2 0 — CH 2 0 — CH 2 0 — H 

Formaldehyde a-Polyoxymethylene 

(б) n [CHaCHaOi + H 2 0 HO — CH 2 CH s O — CH 2 CH 2 0 — . . . — CH s CH a O — H 

Ethylene oxide Polyethylene glycol 

(c) nHO— CHjCHjO— H - (n-l)H 2 0-+ 

Ethylene glycol 

HO — CHjCHaO — CH jCHjO— - . . . — CH,CH,0- 
Polyethylene glycol 


In each of these examples the product molecule is made up of a 
repeating series of identical units. Each unit corresponds with 
one molecule of the starting material. The latter, therefore, is 
called the monomer (mer = part). Ethylene glycol and ethylene 
oxide are both monomers since, although they differ in structure 
and composition, their molecules contain one — CH 2 CH s O — 
unit each. Similarly diethylene glycol, HO — CH s CH s O — 
CHjCHsO— H, is a dimer. 

5. Types of polymerization 

Molecules can combine to form larger molecules either by 
addition or by condensation, 4 and two corresponding types of 
polymerization may be recognized. The formation of poly- 
oxymethylene from formaldehyde is addition or A polymerization. 
The formation of polyethylene glycol directly from ethylene glycol 

* The direct polyintermolecular dehydration of ethylene glycol to polyethylene 
glycol not involving the intermediate formation of ethylene oxide is perhaps 
somewhat hypothetical. It is used here merely as a formal illustration. 

4 The term condensation is used here to name any reaction that occurs with the 
formation of a new bond between atoms not already joined and proceeds with the 
elimination of elements (hydrogen, nitrogen, etc.) or of simple compounds (water, 
ethyl alcohol, ammonia, sodium bromide, etc.). Examples are the Wurtz reac- 
tion, Friedel Crafts reaction, esterification, etc. See Kempf in Houben-Weyl, 
ref. 6, Volume II, p. 717. 
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is condensation or C polymerization. 6 This second type of 
polymerization, although its existence as a general phenomenon 
has only recently been recognized (18), is especially simple both 
practically and theoretically since it involves the known behavior 
of typical functional groups. 

6. Condensation ‘polymerizations and bifunctional reactions 

A general class of condensation polymerizations is represented 
by the equation 

x — R — y + x — R — y + x — R — y + .... — > x — R — z — R — z — R — . . . 

In the formula x — It — y, E is a bivalent radical and x and y are 
functional groups capable of reacting with each other to form the 
known functional group z. Thus if x is HO and y is COOH, z 
will be CO — 0. The compounds x — E — y are called bifunctional 
compounds and their reactions, bifunctional reactions. Eeactions 
of the type, x — E — x + y — E' — y — > product, may be included 
in this class. 

Bifunctional reactions, present the possibility of following 
various courses, (a) They may be intramolecular at the first 
stage. The product will then be the cyclic monomer 


(6) Eeaction may be intermolecular at the first stage and intra- 
molecular at some subsequent stage. The product will then be a 
cyclic polymer 


f( R Z )n-| . 

(c) Eeaction may be exclusively intermolecular. In this case 
the product will be an open chain of the type x — E — z — E — z 
.... — E — z — E— y. These possibilities may be illustrated 

8 The term condensation polymerization was at one time applied by Staudinger 
(38) to addition polymerizations that involve the migration of displacement of 
a group or an atom, but its use in this sense has never become general. In view of 
its obvious propriety for the purpose, it was adopted by the writer (18) as a name 
for polyintermolecular condensation. 
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by the hydroxy acids of the series H — 0 — (CH 2 ) a — CO — OH. 
The self-esterification of these might lead to the simple lactones 

fO — (CHi)n — CO i, 


or to cyclic polyesters 


rio— ( ch 8 )„— coi p1 
or to open chain polyesters 

H[0 — (CHs)b — COJ pOH. 

All three of these possibilities can be realized. 

II. CONDENSATION POLYMERIZATION 

1. Polyesters 

Bifunctional esterifications are especially suitable for the study 
of condensation polymerization, because esterification is a revers- 
ible reaction, and it is entirely free from side reactions under 
conditions that are easy to realize. 

a. The self-esterification of hydroxy adds. It is well known 
that hydroxy acids react with themselves to form cyclic esters 
when there is the possibility of forming a five- or a six-membered 
ring: y- and 5-hydroxy acids lead to the corresponding lactones, 
and a-hydroxy acids yield the cyclic dimers. Thus glycolic acid 
reacts with itself to form glycoli.de 

2 HO — CH 2 — COOH -f [0 — CH a — CO — 0 — CH 2 — COi + 2HjO 

The 7 -lactones are stable substances, but the 5-lactones and 
glycolide and its analogs on being heated are rapidly transformed 
into polyesters of high molecular weight. This peculiar behavior 
of the six-membered cyclic esters is considered in more detail 
in a later paragraph. 

* But it is by no means certain that the glycolide is ever formed through the 
steps glycolic acid -* glycolylglycolic acid — *■ glycolide. Dietzel and Krug (19) 
have shown that in the self-esterification of lactic acid the primary steps are: 
lactic acid— *lactyllactic acid — > polylactyllactic acids. Lactide when it is formed 
results from the depolymerization of these polylactyllactic acids. 
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No information is available concerning the behavior of the 
simplest e-hydroxy acid, hydroxycaproic acid, but the cor- 
responding bromo acid when treated with sodium ethylate in 
alcohol solution gives a poor yield of the seven-membered lactone 
(37). The chief product is an undistillable material, undoubtedly 
polyester. e-Hydroxycaprylic acid, C 2 H S — CHOH — (CH 2 ) 4 — 
COOH is partly converted into the corresponding seven-mem- 
bered lactone on being heated, but the next member of this 
series, C 2 H B — CHOH — (CH 2 ) B — COOH, under the same condi- 
tions gives only an undistillable residue (24). 

Larger lactones containing rings of fourteen to eighteen atoms 
are known (25), and also /3-lactones (four-membered rings) 
(26, 27). All of these are fairly stable compounds, but none of 
them has ever been prepared directly from the corresponding 
acid. 7 

The attempt to prepare self-esters from simple /3-hydroxy acids 
results merely in dehydration to the unsaturated acid, but in 
hydroxypivalic acid, HO — CH 2 — C(CH 8 ) 2 — COOH, this usual 
behavior is impossible because of the absence of any a-hydrogen. 
The self-esterification of this acid has been studied by Blaise and 
Marcilly (28). It occurs at 200°C. or at lower temperatures in 
the presence of certain catalysts. The product is a microcrystal- 
line powder insoluble in most organic solvents. It forms sodium 
salts insoluble in cold water, and it is readily hydrolyzed to 
hydroxypivalic acid. These facts clearly indicate a structure of 
the type 

HO— OH*— C(CH»)*--COO— £— CHa— C(CH s )j— COO— ] a — CHj— C(CHj)s— COOH 

and on the basis of molecular weight and analytical data Blaise 
and Marcilly assign to n the value 4. 

7 Kerschbaum (36) records various attempts to prepare the lactone of am- 
brettolic acid (hexadecene-7-ol-16-acid-l) from the acid obtained by hydrolyzing 
the naturally occurring lactone. By heating the acid he obtained a small amount 
of oil which, from its odor, was inferred to contain lactone. The chief product, 
however, was a non-volatile material soluble in alkali. Neither Chuit and Haus- 
ser (29) nor Lycan and Adams (30) report any evidence for the presence of lactone 
in the self-esters prepared from higher w-hydroxy acids. Unpublished experi- 
ments made in this laboratory have failed to reveal the presence of any lactone 
among the products of the dehydration of w-hydroxypentadecanoic acid. 
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In regard to the higher w-hydroxy acids, Chuit and Hausser 
(29) have recently synthesized the entire series from HO — 
(CH s ) 7 — COOH to HO — (CH 8 )so — COOH. All these acids readily 
undergo self-esterification on being heated. The products are not 
the corresponding lactones (which in several cases are known), but 
solid acidic materials whose properties are consistent with the gen- 
eral formula HO — R — CO — 0 — R — CO — . . . . — 0 — R — COOH. 
Similar products obtained by the self-esterification of higher 
hydroxy acids have also been investigated by Bougalt and 
Bourdier (31) and by Lycan and Adams (30). 

The presence of a terminal carboxyl group in each of these 
products proves that the ester formation is exclusively inter- 
molecular. It should be possible, therefore, by regulating the 
degree of completeness of the esterification to obtain molecules 
of various lengths and, in particular, to obtain exceedingly long 
molecules. Such molecules are of especial interest in connection 
with the study of high polymers, since the nature of the acid used 
absolutely determines the structural unit of the polyester. 

b. Polyesters from dibasic adds and glycols. The study of bi- 
functional esterifications from this standpoint was first under- 
taken by the writer and his collaborators (32 to 36). Dibasic 
acids and glycols were used as starting materials since these are 
more readily accessible than hydroxy acids, and they also permit 
more numerous structural variations in the ester product. 

Esters derived from dibasic acids and glycols can be prepared 
by any of the typical reactions ordinarily used in the preparation 
of simple esters, e.g.: 

(а) HO-R-OH + HOOC-R'-COOH -*• -O-R-O-CO-R'-CO- + H,0 

(б) HO-R-OH + EtOOC-R'-COOEt-> -O-R-O-CO-R'-CO- + EtOH 

(c) HO-R-OH + C«H«OOC-R'-COOC 8 H 5 -> -O-R-O-CO-R'-CO- + C e H 5 OH 

(d) HO-R-OH + ClCO-R'-COCl -*■ -O-R-O-CO-R'-CO- + HC1 

(e) Br-R-Br + AgOCO-R'-COOAg -♦ -O-R-O-CO-R'-CO- + AgBr 

In these equations — 0 — R — 0 — CO — R' — CO — represents the 
structural unit of the product. The studies have proved that the 
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nature of the ester is completely determined by the number 
of atoms in the chain of the unit: if this number is five, the 
product is monomeric and cyclic (i.e., it contains only one unit) ; 
if the number is six, the product can be obtained in both mono- 
meric and polymeric forms and these are interconvertible; if the 
number is more than six, the product is exclusively polymeric. 

The preparation of an ester of this last class may be illustrated 
by the action of succinic acid on ethylene glycol. 8 Succinic acid 
mixed with a slight excess of glycol is heated in a distilling flask. 
At about 160-175 < ’C. rapid esterification sets in, accompanied by 
the liberation of water. When no more water is evolved the 
temperature is raised to 220-250°C. and the pressure is reduced 
below 1 mm., whereupon most of the excess glycol distils. The 
ester product is completely non-volatile and remains in the dis- 
tilling flask in the form of an exceedingly viscous liquid. When 
this is cooled it solidifies to a hard, brittle, opaque, white mass. 
This can be dissolved in cold chloroform and precipitated as a 
granular powder by the addition of ether or benzene. It can be 
recrystallized from hot ethyl acetate or a large volume of hot 
acetone. The recrystallized ester melts at about 102°C. A 
product having the same physical properties can be prepared in 
the same way by the action of diethyl succinate or diphenyl 
succinate on ethylene glycol. The reaction then consists in ester 
interchange and the volatile product liberated is alcohol or phenol. 

By the method of direct esterification or by ester interchange 
the esters listed in table 1 have been prepared. They are without 
exception highly polymeric, the molecular weights being on the 
average in the neighborhood of 3000. Molecular weights of 
several of the esters have been determined in a variety of solvents 
and by both freezing and boiling point methods, and within the 
limits of experimental error the same values have been found. 

8 The preparation of ethylene succinate by reaction between the acid and gly- 
col was first carried out by Lourenco (17). Later Davidoff (40) and Vorlander 
(41) prepared it by various methods, and the latter investigator assigned to it 
the formula of a sixteen-membered cyclic dimer. His molecular weight determi- 
nations were apparently in error. The dimeric ester is now known (42, 34) and 
its properties are quite different from those of Vorlander’s ester, which closely 
resembles the polymeric ester prepared from the acid and the glycol. 
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These esters show considerable similarity in their physical 
properties. They are completely non-volatile and aU of them 
dissolve quite readily in cold chloroform. Those derived from 
the higher glycols or acids also dissolve in cold benzene, and in 
the solid state they are less hard and more wax-like than ethylene 
succinate. In spite of their high molecular weight and lack of 
complete homogeneity all these esters except the phthaJates are 
crystalline. The melting points vary slightly from one prepare 
tion to another of a given ester and usually cover a range of 
about 2°. 

The ethylene succinate described above is neutral, and its 
composition and molecular weight indicate the average formula® 

HO — [ (CHj)j — O — CO — (CH s)s — CO — 0] a * — (CHj) j — OH, 

i.e., it is an open chain derived from twenty-two molecules of 
acid and twenty-three molecules of glycol. 

The hydroxyls at the end of this chain do not readily react with 
the usual reagents for alcohol groups; their sluggish behavior in 
this respect is characteristic of many high molecular weight 
materials. However, on being heated to a fairly high tempera- 
ture with p-bromobenzoic anhydride the ester yields a di-p- 
bromobenzoyl derivative identified as such by its bromine content. 
The ester also reacts with molten succinic anhydride and yields 
an acidic ester whose neutral equivalent and observed molecular 
weight agree with the formula I d. 

(I) HO— CO — (CHi)» — CO — t — 0 — (CH*)» — 0 — CO — (CH») S — CO]* — OH 
I a, x - 6; I b, x - 9; I c, x “ 12; I d, x “ 23. 


1 The molecules of this product certainly do not all have the same length, but 
on the other hand it appears to be much more nearly homogeneous than any prod- 
ucts ever obtained by addition polymerization (polystyrene, etc.). In its quali- 
tative solubility behavior it resembles a chemical individual, and fairly, elaborate 
fractional crystallizations have failed to separate it into portions showing any 
considerable difference in their properties. The reason for its relatively great 
homogeneity lies in the conditions of its formation, which are such as to force much 
smaller molecules to react with themselves, but are not sufficiently drastic to 
cause the formation of much larger molecules . Under other conditions polymeric 
mixtures having a wide range of molecular weights can be obtained. 
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Ethylene phthalate — 0 — (CH 2 ) 2 — 0 — CO — C 6 H 4 — CO — 8 4800 25 Hard, transparent resin 

Trimethylene phthalate ....... — 0 — (CH 2 )$ — 0 — CO — C 6 H 4 — CO — 9 3100 14 Soft, transparent resin 

Hexamethylene phthalate — 0(CH*)e — 0 — CO — C«H 4 — CO — 12 1800 7 Soft, transparent gum 

Decamethylene phthalate — O — (CHi)i 0 — O — CO — CeH 4 — CO — 16 2100 7 Very viscous, transpar- 

ent sirup 
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Similar acidic esters of lower molecular weight have also been 
obtained by partial esterification of glycol with an excess of suc- 
cinic acid and fractional crystallization of the product. The 
observed molecular weights and neutral equivalents of the frac- 
tions corresponding to various values of x in formula I are 
indicated in table 2. 

The presence of these terminal groups proves that the esterifi- 
cation of succinic acid by ethylene glycol is intermolecular at 
every stage. 10 The reaction evidently involves a series of con- 


TABLE 2 

Acidic ethylene succinates 




MOLECULAR WEIGHT 

SODIUM SALT 

FORMULA 

MELTING 

POINT 

Calculated 

from 

neutraliza- 

tion 

equivalent 

Found by 
ebullio- 
scopy 

Melting 

point 

Molecular 

weight 

calculated 

from 

sodium 

content 

la..., 

•c. 

73 

1020 

1070 

•c. 

91 

1030 

Ib 

82 

1340 

■ B 

97 

1460 

I c 

90 

1800 


100 


Id 

98 

3400 

mSSM 

109 

3740 


densations resulting in the production of ester molecules of 
progressively greater length. The first product might be 

HO (CHj)iOCO(CHj)*COOH, 


and the second 

HO(CH s )jOCO(CH 2 ) s COO (CHs)jOCO (CH s ) a COOH. 

Moreover, since both glycols and dibasic acids have a tendency 
to esterify at both ends simultaneously, it is reasonable to suppose 
that similar chains will be present, some of which are terminated 

10 Lycan and Adams (30) also present convincing evidence of the open chain 
structures of polyesters derived from w-hydroxydecanoic acid. They isolated 
fractions whose molecular weights estimated by titration with alkali ranged from 
1000 to nearly 9000. All of these fractions formed potassium salts which were 
completely soluble in warm water. 
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at both ends by carboxyl and others by hydroxyl. It is evident 
that an exceedingly large number of species may be involved in 
the ester equilibrium. 11 But as the amount of water participat- 
ing in the equilibrium is diminished by its constant removal, the 
smaller molecules are forced to couple with each other until 
finally practically none of them remains. A further simplification 
of the kinds of molecular species present in the product is effected 
by using an excess of glycol, since this makes all the terminal 
groups alike. For this purpose, it makes no difference how large 
an excess of glycol is used, provided the reaction mixture is 
finally heated for some time in a high vacuum, since under these 
conditions the reaction can be propagated by ester interchange. 
Thus it is possible to isolate the monomeric ester, &is-/3-hydroxy- 
ethylsuccinate, 

HO— (CHj)j— 0— CO— (CH s )j— CO— O— (CHi)j— OH, 

and this on being heated to 200°C. in a vacuum loses glycol and is 
converted into the neutral polyethylene succinate of molecular 
weight 3000 already described. In view of this fact it is obvious 
that the accidental mutilation of the terminal groups (e.g., the 
loss of OH or CO*) cannot in itself prohibit the progress of the 
coupling; the reaction can progress by ester interchange involving 
the last ester linkage. 

Apparently the ultimate factors that set the attainable limit 
on the length of polyester molecules are purely physical. As the 
molecular weight becomes greater, the reaction product becomes 
more viscous and the rate of diffusion of the volatile product 
(water or alcohol) to the surface becomes slower and slower. 1 * 
Moreover as the reaction progresses, the mobility of the reacting 
molecules diminishes and the relative concentration of the reactive 
groups becomes ^nailer. All of these factors affect the rate and 
some of them affect the position of equilibrium, but the molecular 
weight at which a practical limit is reached will depend upon the 

11 The kinetics of the reaction between phthalic anhydride and ethylene glycol 
have been studied by Kienle and Hovey (43). 

“ At least in the crystalline state polyesters adsorb water and hold it very 
tenaciously. . 
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temperature and pressure, the area and thickness of the reacting 
mass, etc., and by a suitable adjustment of these factors it is 
possible to obtain polyesters having very much higher molecular 
weights than those listed in table 1 (51). 

#. Bifunctional Wwrtz reactions and Friedel Crafts reactions 

The action of sodium on polymethylene bromides, Br(CH 2 ) JBr, 
leads in certain cases to the formation of cyclic hydrocarbons. 
Cyclopropane, cyclopentane, and cyclohexane have been prepared 
in this way. On the other hand, the action of sodium on deca- 
methylene bromide does not yield any cyclic hydrocarbons. 

In the presence of absolute ether this reaction proceeds very 
smoothly (44, 45). The product, which is for the most part 
insoluble in ether, consists of a complex mixture formed by the 
coupling of various numbers of molecules of the halide with each 
other, e.g., 

Br(CHj) ioBr -f- 2 Na + Br(CH*)ioBr ■+• 2 Na ~j“ Br(C5t)ioBr — > 
Br(CH 2 )8oBr + 4 NaBr. 

At the same time, owing to the participation of the ether in the 
reaction, most of the terminal bromine atoms are replaced by 
hydrogen. 1 * This reduction of the terminal groups can finally 
be carried to completion by the action of sodium in boiling butyl 
ether, and the product then consists of a mixture having the gen- 
eral formula 


H-[(CH a ) I0 ]x-H 

in which the values of x range from 1 to at least 10. The various 
members of this mixture up to and including n-CjoHi^ can be 
separated and isolated in a state of purity by fractional evapora- 
tion in a molecular still followed by crystallization. The identity 
of these fractions is established by their melting points and their 

** I 11 its mechanism the Wurtz reaction undoubtedly involves as its first step 
the formation of the sodium compound RNa (46). This normally couples with 
another molecule of the halide, but if ether is present it may be destroyed by the 
reaction 

RNa + (CjHs)jO -*• RH + C S H« + CjHtONa (47). 
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x-ray diffraction patterns. There is no evidence of the presence 
of any materials in the mixture not belonging to the series 

H — [(CHj)iole— H. 

About 25 per cent of the total product consists of members stand- 
ing above CroHia. These are not capable of being distilled, and 
they cannot be separated from each other by fractional crystal- 
lization. The average molecular weight of this material indicates 
that it must contain hydrocarbons at least as high as CiooH 20 a. 

The following results of unpublished studies made by Dr. R. 
A. Jacobson in this laboratory are more or less closely related to 
those described above. The action of metallic sodium on p- 
dibromobenzene in absolute ether leads to a product correspond- 
ing in composition to the formula Br — C 6 H 4 — (C#H 4 )# — CeHJJr, 
When the reaction is carried out in boiling toluene the product 
formed corresponds approximately in composition and molecular 
weight to the formula Br — C 6 Hi — (C 8 H 4 )i 2 — Both of 
these products are readily soluble in benzene. p-Xylylene bromide, 
BrCH* — C 8 H 4 — CH 2 Br, when treated with sodium in hot toluene, 
yields a very insoluble hydrocarbon which does not melt below 
350°C. Apparently a very large number of p-xylylene units par- 
ticipate in this coupling. 

Benzyl chloride in the presence of aluminum chloride or ferric 
chloride (see 10) reacts with itself to form resins of high molecular 
weight. This is evidently a bifunctional Friedel Crafts reaction 
involving the progressive coupling of successively longer chains 
with the elimination of hydrogen chloride. Depending upon the 
conditions of their formation these resins are fusible and soluble, 
or infusible and insoluble. Molecular weight values indicate that 
the fusible resins are formed from fourteen to twenty-five mole- 
cules of benzyl chloride. The infusible resins are no doubt much 
more highly polymeric. Benzyl fluoride in the presence of a trace 
of acid reacts very vigorously with itself in a similar manner (11). 

S. Other Ufunctional reactions 

The number of possible types of condensation polymers is 
practically unlimited. Although very few of these possibilities 
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have received any considerable study, the following examples at 
least indicate that the formation of such polymers is the usual 
result of bifunctional reactions when structural features preclude 
the formation of a five- or a six-membered ring. 

а. Polyamides. The acids NH s (CH 2 ) 3 COOH and NHjfCH*)*- 
COOH are readily dehydrated to the corresponding monomeric 
lact ams (48). There is no record of either of these being caused 
to polymerize. The next higher member yields two products (49, 
50a). One of these (20-30 per cent) is the lactam (seven-mem- 
bered ring), a distillable crystalline material; the other is a poly- 
amide, an undistillable hard, waxy material insoluble in most 
solvents except concentrated hydrochloric acid, phenol, and hot 
formamide. It can be hydrolyzed quantitatively to the amino 
acid. Molecular weight determinations indicate the presence of 
at least ten structural units in its molecule. The formation of 
this polymer is due to direct inteimolecular condensation and the 
formation of the lactam is an independent reaction, for the latter 
cannot be polymerized under the conditions that lead to the 
production of the former. The acid NH 2 (CHi)«COOH on being 
dehydrated yields exclusively a product that is polymeric (50), 
although the corresponding monomeric lactam has been prepared 
by another method and is a stable substance (164). The add 
NHs(CH s )mCOOH also yields only polyamide (51). 

A number of polyamides have been prepared by Dr. J. E. 
Kirby in this laboratory by the action of dibasic acids on aliphatic 
diamines. These materials are all much less soluble, and when 
crystalline have much higher melting points than the analogous 
polyesters (51). 

б. Polyamines, v. Braun observed (52) that the compound 
NH 2 (CH 2 ) 6 C1, unlike its Immediate lower homologs, when it 
reacts with itself yields only a very small amount of the volatile 
cyclic base. The chief product is an undistillable, waxy solid, 
but this has never been studied in detail. 

The formation of quaternary ammonium salts from various 
compounds of the series (CH 3 ) 2 N(CH 2 )JBr has been studied (53). 
The products have been assumed to be cyclic monomers or dimers, 
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but it still remains to be demonstrated that none of them are 
linear polymers. 

c. Polyacetals. The reaction between glycols and acetalde- 
hyde (or acetylene) presents the possibility of forming cyclic 
acetals, 

o 

/ \ 

CHjCH R 

\ / 

0 

or polyacetals 

HO — R— O — CH — 0 — R — 0 — CH — 0 — R — O — CH — 0 — . . . 

I I ! 

CH, CH, CH, 

This reaction has been studied by Hill and Hibbert (8). Ethyl- 
ene and trimethylene glycols gave in excellent yields the cyclic 
acetals which are five- and six-atom rings. Tetramethylene 
glycol gave in poor yield a volatile compound which was ap- 
parently the monomeric cyclic acetal containing a seven-atom 
ring. A considerable part of the product was an undistillable 
sirup. The products from octamethylene and decamethylene 
glycols were also undistillable sirups. No molecular weight 
determinations are recorded, but it may be assumed that the un- 
distillable products are polymeric. An analogous compound 
prepared in this laboratory (51) from benzaldehyde and diethyl- 
ene glycol had an apparent molecular weight of about 1370. 

d. Polyanhydrides. Dibasic acids of the series HOOC(CH s )*- 
COOH are readily converted into the corresponding anhydridess. 
Maionic anhydride, the first member of the series, is polymeric 
(54). The next two members, succinic and glutaric anhydrides, 
are known only as the monomeric five- and six-membered rings. 
The anhydrides of all the higher acids are polymeric. 14 The 

u The known examples are anhydrides of adipic, pimelic, suberic, azelaic, 
sebacic (55) and hexadecamethylene dicarboxylic (51) acids. These if monomeric 
would be respectively seven-, eight-, nine-, ten-, eleven-, and nineteen-membered 
rings. Adipic anhydride can be obtained in both a monomeric and a polymeric 
form (56). 
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monomeric anhydrides are macrocrystalline, readily distillable 
solids; the polymeric anhydrides are non-volatile microcrystalline 
powders or waxes, and they are less soluble than the monomeric 
anhydrides. Both types are very reactive, but qualitatively their 
chemical behavior is not the same. The monomers react with 
aniline to give pure monoanilide; the polymers give a mixture of 
acid, monoanilide, and dianilide in the ratio 1:2:1. This is 
precisely in accordance with the calculated behavior of a very long 
chain having the general structure. 

CO— R— CO— 0— CO— R— CO— 0— CO— R— CO— O— etc. 

e. Grignard reactions. Bifunctional Grignard reagents such 
as BrMg(CH 2 )sMgBr are capable of reacting with bifunctional 
reactants (dialdehydes, diketones, simple esters, etc.). The 
products may be rings or long chains. Several five- and six- 
atom rings have been prepared in this way, and in poor yield one 
seven-atom ring (57). In this laboratory it has been found (51) 
that decamethylene dimagnesium bromide reacts readily with 
methyl formate: 

. . . — (CH s )„MgBr + 0=C— OCH, + BrMg— ... 

H 

... — [ — (CHs)io — CH(OMgBr) — ]— ... 

The final product is a microcrystalline solid readily soluble in 
various organic solvents and melting at about 120°C. Its 
chemical and analytical behavior shows that it is the expected 
linear polyalcohol containing about eight of the structural units 
— (CH*)io— CHOH— . 

In the formation of bifunetional Grignard reagents some cou- 
pling always occurs: dibromides of the formula Br(CH 2 )JBr 
yield considerable amounts of BrMg (CH* ) 2n MgBr and progres- 
sively smaller amounts of higher coupling products. It is a 
curious fact that this reaction does not occur intramolecularly 
even in the case of pentamethylene bromide where it would lead 
to the formation of a five-membered ring (154). 

The coupling of simple Grignard reagents can be effected by the 
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action of iodine, and this method has been applied by Grignard 
and Tcheoufaki to acetylene dimagnesium bromide (155). Prod- 
ucts having the following formulas were isolated: 

HCssC— 0=01; ECsC-C^C-CsC-I ; 

and also a form of carbon, which probably resulted from a con- 
tinuation of the initial reaction in the same sense. 

The attempt to prepare a Grignard reagent from p-xylylene 
bromide, BrCHaCeH^CHaBr, leads (51) to an insoluble hydro- 
carbon having the composition 

(— CH,C,H 4 CH t — )*. 

The value of x is probably very large. 

/. Sulfur and selenium compounds. The action of sodium sul- 
fide on alkylene halides of the formula X(CH a ) n X leads to con- 
siderable yields of the expected cyclic products (CH s )»>S only 
when these are five- or six-membered rings (162). Ethylene 
bromide gives white amorphous insoluble products (161); when 
prepared under certain conditions these are capable of being 
depolymerized by heat to yield the cyclic dimer, diethylene disul- 
fide. Monomeric ethylene sulfide has been prepared by Delepine 
(86) by treating ethylene thiocyanate with sodium sulfide. It 
polymerizes spontaneously on standing. The chief product of 
the action of sodium sulfide on trimethylene halides is an amor- 
phous polymer, although a small amount of the cyclic trimethyl- 
ene sulfide can be obtained under certain conditions (87). 
Hexamethylene iodide also yields an amorphous polymer as the 
chief product (163, 87). v. Braun suggests that its formula is 
probably 


I(CHj)j • S • (CH 2 )« — S(CH 2 ),I, 

but no estimates of its molecular weight have been presented. 

The amorphous material formed from ethylene chloride and 
sodium sulfide is capable of being molded into a product which is 
very resistant to solvents and somewhat resembles rubber in its 
properties. One may infer that its molecular Weight is very high. 
In recent patents (159) it is claimed that s imil ar products can be 
obtained from alkylene halides generally. 
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Morgan and Burstall (160) state that the interaction of sodium 
selenide and the requisite alkylene dibromide leads readily to 
the production in good yields of cyclic seleno hydrocarbons 
containing five- or six-membered rings, but trimethylene bro- 
mide and sodium selenide give little cycloselenopropane. The 
main product is a sixfold polymer melting at 38-40°C. 

g. Miscellaneous. A curious spontaneous progressive coupling 
is found in the action of water on methyl orthosilicate. The 
reaction may be formulated as follows: 

OCH, OCH, 

I I 

CH»0 — Si — OCHj + H,0 > CH,0— Si— OH 

I I 

OCH, OCH, 

OCH, OCH, OCH, 

I I I 

2 CHjO — Si — OH > CH,0— Si— 0— Si— OCH, + H,0 

1 I I 

OCH, OCH, OCH, 

Partial hydrolysis and coupling of this dimeric product lead to 
a tetramer, and so on. By suitably adjusting the initial ratio 
of water to ester it is possible to obtain samples representing 
various degrees of polymerization. The lower members have 
been isolated as chemical individuals by fractional distillation 
(156). The intermediate members are viscous undistillable 
liquids soluble in organic solvents. Solutions of these polymers 
are used in the preparation of paints having unusual properties 
(60). Films prepared from these paints harden by a continua- 
tion of the initial progressive hydrolysis and coupling, which 
yields as the final product pure silica. This synthesis incidentally 
furnishes an elegant proof of the three-dimensional polymeric 
structure of silica. The OCH, groups are responsible for the 
coupling, which results in the formation of long chains from the 
monomeric ester. 

OCH, OCH, OCH, OCH, OCH, 

t. I. I. I. I. 

« . . — Si — 0 — Si — -0 — Si — -O — Si — 0 — Si — 0 — , . . 
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Since each silicon atom in these chains still bears two OCH s 
groups, the coupling can continue in the other dimensions, yield- 
ing finally a three-dimensional lattice in which each silicon atom 
is joined (through oxygen) to four others. 

Metallic sodium acts on compounds of the type R*SiCl* yield- 
ing chain structures composed of — SiR a — SiR a — groups (157). 
These products are for the most part amorphous and glue-like. 

The specially pronounced tendency toward the formation of 
five- and six-membered rinp is frequently manifested in complex 
coordination compounds (148) and complex formation frequently 
fails when it would involve the formation of larger rinp. Ethyl- 
ene and trimethylene diamine yield crystalline nickelotriene 
succinimide compounds of the formula [NiensjSuc* and [Nitrj]- 
Suc 2 , but the compounds from tetra- and penta-methylene dia- 
mines are amorphous and, according to Tschugaeff (114), they 
must be represented as chains of unknown length: 

Sue Sue 

i I 

BWCHjJ.NH, ... Ni ... HjN(CHj) a NH a ... Ni ... 

1 1 

Sue Sue 

Bifunctional couplings probably occur in many reactions of 
oxidation and reduction. Busch and Schmidt have shown (22) 
that the catalytic reduction of aryl halides under some conditions 
proceeds to a considerable extent as follows: 

2 C«H»Br + 2 H -*• O.H,— C,H, + 2 HBr 

"When the same reaction is applied to p-diiodobenzene, terphenyl, 
CeHs-CeHi-CeHs, and p, p'-diphenyldiphenyl are obtained. 

A preliminary stage in the oxidation of aniline to aniline black 
is the formation of long chains of the following type (20), 

In a similar way the oxidation of phenols may lead to the forma- 
tion of polyphenylene ethers (21). Substituted polyphenylene 
ethers of high molecular weight are obtained by the condensation 
polymerization of silver salts of halogenated phenols (173). 
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4. Stereochemical factors involved in condensation polymerization 

Bifunctional reactions always present the possibility of following 
two courses — they may lead to ring closure, or to progressive 
coupling — but the very numerous studies of such reactions have 
been concerned almost exclusively with ring closure. The possi- 
bility of progressive coupling has frequently been ignored or 
rejected as unlikely, and highly improbable cyclic structures have 
occasionally been assigned to products on the ground merely 
that they were the result of bifunctional reactions. In other 
cases the actual products have been discarded simply because 
they were obviously not the expected cyclic products. This 
attitude has certainly been partly responsible for the comparative 
meagemess of the literature on condensation polymers. The 
examples cited in the previous paragraphs show, however, that 
bifunctional reactions may proceed in a strictly normal fashion 
by progressive coupling and result in the formation of large mole- 
cules, and that, considering any particular homologous series, 
this type of reaction is the rule and ring closure is the exception. 

This is not an especially astonishing conclusion. Intermolecu- 
lar reaction is a perfectly general phenomenon; intramolecular 
reaction is a peculiar and special kind of happening. This is 
immediately evident from the consideration that if two groups are 
to react they must meet, i.e., they must approach each other very 
closely. If the groups are not present in the same molecules, such 
approach is always possible as long as the molecules are free to 
move about. But two groups, x and y, that are present at 
opposite ends of a single molecule are capable of approaching each 
other only if the architecture of the molecule permits, and even 
if such approach is permissible it does not necessarily follow that 
it will occur, or if it occurs that it will be effective. Meanwhile 
the x groups of this molecule are continually colliding with y 
groups of other similar molecules. From this standpoint pro- 
gressive coupling in bifunctional reactions is inherently more 
probable, generally speaking, than ring closure, and the latter, 
if it occurs to the exclusion of the former, must be peculiarly 
favored by some special factors. 

The reasons fot the great difference in the relative ease with 
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which different types of rings are formed has been the subject of 
much speculation, and two factors that have frequently been 
assumed to be of self-evident importance are the relative energy 
content of the rings and their stability or degree of strain. There 
is, however, no theoretical justification for this assumption (58), 
and the facts show that neither of these factors can possibly be 
decisive. Thus, the action of sodium on propylene bromide yields 
cyclopropane, not cyclohexane, although the latter has a much 
lower energy content per unit and is less highly strained than the 
former. 

On the other hand spatial relations in the reacting compound 
must of necessity have a great influence on the possibility of ring 
formation. The atoms of the benzene ring, for example, and all 
the atoms joined directly to it lie in the same plane (59), and to 
link the two para positions of the ring together through a chain 
of less than four or five accessory atoms would require a very 
improbable degree of distortion. Many attempts have been 
made to bring about such linkings, but the supposedly successful 
examples have proved on reexamination to be fictitious (62). 
The same thing is true (61) of alleged examples of ring closure 
through the p and p' positions of diphenyl. 

The stereochemistry of simple aliphatic chains is a rather 
complicated matter. Ruzicka’s discovery that large aliphatic 
rings are no less stable than small ones is impossible to reconcile 
with the Baeyer strain theory, and the latter has been superseded 
by the Sachse-Mohr theory (66) which permits the existence of 
large rings in non-planar and strainless forms and is supported 
by a great deal of other evidence besides. The essential assump- 
tion in the Sachse-Mohr theory is simply the usual one that the 
four valences of the carbon atom are directed toward the corners 
of a tetrahedron and that there is free rotation about each single 
bond in a chain. Space models embodying these features can 
easily be made by joining small wire tetrahedra with rubber 
tubing in such a way that the arms that are being connected 
overlap. Rings constructed with such models show graphically 
that a five-atom ring is uniplanar and free from strain; a six-atom 
ring is highly strained unless two of the atoms are allowed to lie 
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in a different plane from the other four; larger rings if they are to 
east must be multiplanar and strainless, and they possess a 
mobility which makes it possible for them to assume a great 
multiplicity of shapes. 15 

The variety of possible configurations of an open chain is much 
greater than in a ring and it increases rapidly with the length of 
the chain. In the crystals of fatty acids and paraffins the chains 
probably are rigidly extended into a zigzag structure (13) ; but 
a model of such a chain is exceedingly flexible and mobile, and 
it seems very improbable that in the liquid condition or in solution 
the molecules retain their rigidly extended form. No doubt 
certain possible configurations are more probable than others, but 
there is at present no means of knowing just what these are. 15 It 
is clear, however, that the relative probability of close approach 
of the ends of a chain diminishes very rapidly as the length of the 
chain increases. Owing to the fewness of their separate points 
of rotation, five- and six-atom chains can assume relatively few 
configurations. In fact, if a space model of such a chain is 
supported at one of the bonds the entire structure can be rotated 
in such a way that the freely moving and unsupported ends collide 
at each rotation. This shows that there is a certain inevitability 
in the closure of such chains. Longer chains on the other hand 
can assume an extraordinary multiplicity of shapes without any 
close approach of the ends. The ends of the model can be brought 
together arbitrarily without any resistance, but as Mohr has 
pointed out (66) in the molecule itself one is dependent upon 

15 Apparently the shape that they actually tend to assume involves the close 
approach of opposite sides of the ring; the ring consists essentially of two parallel 
chains joined at the end (67, 144, 145). 

18 Attempts to decide this question by studies of x-ray diffraction (88), electric 
moment (63), ionization constant (65), and numerous other properties (143) have 
led to the following rather contradictory conclusions: (a) the chains are straight 
zigzags; (6) they are straight zigzags except for the five-atom chain which is 
coiled; (c) they have a helicoidal configuration which brings the first and fifth 
atoms very close together and introduces an anomaly in properties when the 
length of the chain is five, ten, or fifteen atoms. None of these configurations 
provides any mechanism for the close intramolecular approach of the ends of 
chains longer than six atoms. 
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random collision , 17 “which will bring about a given form the more 
rarely the more forms are possible, i.e., the longer the chain.” 

One obvious and important implication of this theory is that a 
cyclic strucure for linear high polymers is very improbable. 
The formation of such polymers usually depends upon the absence 
of any tendency toward ring closure in the early stages of the 
coupling, and the probability of ring closure will diminish as the 
length of the chain increases. This implication is also in accord 
with the facts. It is true that cyclic formulas have been assigned 
to various high polymers by Staudinger and by other investiga- 
tors, but none of these formulas has been established. 1 ® On the 
other hand, in a variety of instances open chain structures have 
been experimentally proved. 

The presence of substituents and the nature of the terminal 
groups may be expected to modify the stereochemical behavior 
of chains. Thus, if two atoms of a chain are adjacent atoms of 
a benzene ring their position with respect to each other is fixed, 
and the chances of intramolecular reaction are greater than in an 
analogous simple chain of the same length. (The latter will have 

17 It seems quite possible that this dependence upon random collision is not 
inherently necessary. It may be that some selective control over molecular form 
is possible by the use of the orienting efects at surfaces, and such factors may 
perhaps come into play in the synthesis of large rings in nature. This suggests 
the possibility of some very interesting studies of a novel kind in surface 
chemistry. 

18 In this connection merely negative evidence, e.g., the failure to detect termi- 
nal groups, is worthless. Terminal groups may become lost or mutilated, or they 
may be present and yet fail to react. High polymers are frequently very sluggish 
in their chemical behavior. 

The tendency to resort to cyclic formulas does not aid in clarifying the prob- 
lems of high polymers. One can assume that the rubber molecule is an enor- 
mously large ring, but rubber is very susceptible to degradation by oxygen, heat, 
mechanical action, etc., and the first step in such degradation must cause the ring 
to be ruptured. This product then presents all those problems which the assump- 
tion of a cyclic structure was designed to evade. 

It seems evident that all polymerisations, whatever their mechanisms, must 
be progressive stepwise reactions. The simultaneous combination of 100 mole- 
cules presents insuperable kinetic difficulties. If this view is correct, ring closure 
can occur only as the last step in the reaction chain. But at this stage the ends 
of the chain must be more remote from each other than at any earlier stage, and 
the opportunities for ring closure must be at a minimum. 
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one more axis of rotation than the former.) It is not surprising 
therefore that the majority of the known seven- and eight-mem- 
bered rings have at least two of their atoms members of a benzene 
ring. The compound NE^CBysCl reacts with itself intra- 
molecularly only to a slight extent, while with o-NH 2 C6H 4 (CH 2 ) 4 C1 
ring closure is almost quantitative (68). Other similar examples 
might be cited (60, 163). 

There is also some evidence to indicate that even simple substit- 
uents such as methyl groups on a chain may increase the ten- 
dency toward the formation of larger rings. Researches in the 
diphenyl series (69) have established that substituent groups 
suitably placed may completely inhibit rotation about a nearby 
single bond, and a similar effect in aliphatic chains is at least 
conceivable. Almost any restriction of the freedom of rotation 
of the atoms of a chain would, on the basis of the Sachse-Mohr 
theory, increase the chances of ring formation. 

The influence of the nature of the terminal groups is seen in 
the fact that w-hydroxy acids on dehydration give both lactone 
and polyester, while attempts to prepare seven-atom cyclic esters 
from dibasic acids and dihydric alcohols yield only polyesters. 
Dilution also may be expected to favor ring formation as com- 
pared with progressive coupling (70), but all these effects are 
comparatively small. 

a. Large rings. The question arises whether large rings are 
ever formed as the normal primary products of bifunctional 
reactions. Meyer and Jacobson in their textbook (147) devote 
over fifteen hundred pages to five- and six-membered heterocyclic 
compounds and only seventeen pages to all larger rings. Most of 
the examples of this class of compounds that they accept as 
authentic fall into one or more of the following types: the ring 
contains only seven or eight atoms; two or more atoms of the ring 
are members of a benzene nucleus; the yields are very poor; the 
compound is formed by ring widening. There remain a few 
examples (e.g., the cyclic duplomercapial derived from acetone 
and pentamethylene dimercaptan) in which the evidence for a 
very large cyclic structure is good; but this evidence is no better 
than that on which the sixteen-membered cyclic formula for 
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ethylene succinate was based (41), and ethylene succinate when 
reexamined (32, 34) proved to be a linear polymer of high molecu- 
lar weight. 

Concerning the identity of large rings described by Ruzicka, 
it is not possible to entertain any doubt at all, but the methods 
required for the preparation of these materials present some 
illuminating peculiarities. His lactones were obtained from the 
corresponding cyclic ketones by oxidation (25), 


(CHj)x CO > (CH 2 )xCO 

L J L ! 

i.e., the ring was already established in the starting material. 
All attempts to prepare the lactones by a bifunctional reaction, 
e.g., from the hydroxy acids or from the silver salts of the bromo 
acids were unsuccessful. The ketones themselves (71) were 
obtained by heating the thorium salts of the dibasic acids to a 
very high temperature (400-500°C.). These conditions of 
violence lead to thermal rupture, and, whatever the primary 
products may be, the ultimate products must, for the most part, 
be volatile materials of fairly low molecular weight. The cyclic 
ketones are found mixed with a great variety of other materials 
among these volatile products. It is at least conceivable that 
the primary products in this reaction are linear polyketones and 
that the cyclic ketones are thermolysis products of the polymer. 

In this connection it is interesting that large heterocyclic rings 
can also be obtained by thermolysis of the polyesters. Thus 
when polyethylene succinate is heated to 300°C. in a vacuum, it 
decomposes and yields a carbonaceous residue and a gaseous and 
liquid distillate. Prom the latter a small amount of the sixteen- 
membered cyclic dimer can be obtained. Similar cyclic prod- 
ucts have been obtained from tetramethylene carbonate, from 
trimethylene oxalate and from the potassium salt of the acetyl 
derivative of hydroxydecanoic acid. The anhydride of sebacic 
acid can also be depolymerized under certain conditions to a 
cyclic dimer. The properties of these compounds are listed in 
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table 3. Their identity ia established by analytical data and 
repeated molecular weight determinations. They are distin- 
guished from the corresponding polymers by their definite macro- 
crystallinity and relatively great solubility. The attempts to 
obtain corresponding monomers which would be seven-, eight-, 
and eleven-membered rings have been unsuccessful. It seems 
possible that this failure may be due to purely practical difficul- 
ties, but so far as the data go they are in agreement with the 
fact that Ruzicka found the yields of the cyclic ketones of eight 
to twelve atoms to be much less than the yields of the larger 
rings. This fact is not easy to explain on the basis of the simple 
Sachse-Mohr theory presented above. A possible explanation 
has recently been offered by Stoll and Stoll (67). 

m. POLYMERIZATION INVOLVING CYCLIC COMPOUNDS 
1. Six-membered cyclic esters 

Among cyclic esters the property of undergoing reversible 
polymerization is characteristic of and peculiar to the six-mem- 
bered rings. 7 -Butyrolactone cannot be polymerized, and no 
corresponding polyester is known. Higher lactones, e.g., 

[O — (CH a )u-— C0 1 t 

are stable substances which show no tendency to polymerize 
spontaneously, although polymers are the only products of the 
self-esterification of the corresponding hydroxy acids. On the 
other hand, 5-valerolactone, a mobile liquid, gradually changes 
on standing to an opaque solid polymer, and from this the lactone 
can be regenerated by heating. 

Various isolated examples of the polymerization of the six- 
membered esters have been reported, but only a few of them have 
been described in any detail. In this laboratory some study 
(mostly unpublished) has been made of the mechanism of this 
phenomenon. 

The esters now known to exhibit this behavior are listed in 
table 4. (In most cases neither the molecular weights nor the 
melting points of the polymers can be regarded as very significant, 
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since both, axe dependent upon the conditions under which the 
polyester is formed.) 

Some of these examples present special features worthy of 
mention. Monomeric trimethylene carbonate is a very soluble, 
crystalline solid. If it is heated with a trace of potassium car- 
bonate to 130°C. for a few minutes, the mobile melt suddenly 
becomes very viscous and evolves a small amount of gas. The 
colorless sirup on being cooled solidifies to a stiff mass which 
shows an apparent molecular weight of about 4000. When heated 
in a vacuum this mass distils almost quantitatively, and the distil- . 
late consists of pure monomer. 

Ethylene oxalate is a solid crystallizing in transparent, flat 
diamonds, melting at 143°C. These on standing for a few days in 
a stoppered container disintegrate to a powder, which consists of 
a mixture of polymers. By extraction with cold solvents it can 
be separated into two definite fractions, one melting at 159°C. 
and having an apparent molecular weight of about 3000, and one 
melting at 173°C. and having an unknown but probably much 
higher molecular weight. These fractions on standing for a few 
days lose their identity ; they are partly converted into each other 
and into monomer. It is interesting to note in connection with 
the rapidity of these transformations that monomeric ethylene 
oxalate is exceedingly sensitive to hydrolysis. 

Drew and Haworth (74) have obtained the lactone of 2,3,4- 
trimethyl-Z-arabonic acid in crystalline form (m.p. 45°C.) and 
have observed that in the presence of traces of hydrogen chloride 
it is converted into a crystalline polymeric powder. This has a 
considerably higher melting point, a lower solubility, and a lower 
specific rotation than the lactone. Its molecular weight (about 
2000) indicates that it is derived from about ten molecules of the 
latter. At 175°C. it distils completely in vacuo , and the distillate 
consists of pure lactone. Drew and Haworth ascribed a linear 
polyester structure to this pqlymer and were inclined to accept 
its crystallinity as evidence of its absolute homogeneity, but it 
seems much more probable that it is a polymeric mixture. 

The ease of polymerization of the six-membered cyclic esters 
appears to be related to their susceptibility to hydrolysis. In 
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general, substitution increases the resistance to hydrolysis and 
diminishes the tendency to polymerize. Thus glycolide poly- 
merizes spontaneously at the ordinary temperature, but lactide 
only on being heated or exposed to the action of catalysts. 
Attempts (51) to bring about the polymerization of analogs of 
glycolide derived from some of the higher a-hydroxy fatty acids 
have been unsuccessful. 

These polyesters are formed from the monomers by a process 
of ester interchange. 

O— R— C=0 + O— R— C=0 + O— R— C=0 + 0— R— C=0 + etc. 

L J 1 1 J- I I 

«=£ ... — O — R — CO— 0 — R — CO — 0 — R — CO — 0 — R — CO — . . . 

L J L. J L J L. J 

and the reverse transformation proceeds by a similar mechanism, 
as indicated by the arrows. Both transformations are catalyzed 
by acids and bases — typical interchange catalysts. 

Direct evidence for this interchange mechanism is found by 
polymerizing 5-valerolactone in the presence of various amounts 
of chloroacetic acid (51). This acid actually participates in the 
reaction, and according to the amount present it regulates the 
length of the chains produced. The effect of the acid may be 
compared with that which water might produce. One molecule 
of water with one molecule of the lactone would simply yield the 
hydroxy acid. A smaller amount of water would yield some 
hydroxy acid and this might react with the lactone to form a 
dimeric ester: 


HO— R— COOH + O— R— CO 


HO— R— CO— 0— R— COOH. 


If the amount of water were quite small the polyester molecule 
would have to be quite large. Apparently chloroacetic acid 
functions in precisely the same way, and a comparison of the 
halogen content and neutral equivalent of the polyesters produced 
under various conditions not only establishes the open chain 
structure of the polymer, but also clearly indicates the mechanism 
of the reaction. 
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It remains to explain why only the six-membered esters are 
capable of undergoing reversible transformation of this kind. 
The presence of some strain in such esters is indicated by the 
great instability of 5-lactones as compared with y-lactones (78, 
79). The Sachse-Mohr theory permits the existence of six- 
atom rings in two isomeric strainless forms; but in simple rings 
these two isomeric forms have never been realized, and one is 
forced to conclude either that such rings are uniplanar and hence 
highly strained, or that the two isomeric forms are in dynamic 
equilibrium. Practically this amounts to the same thing, since 
at each conversion the molecule must pass through the uniplanar 
position of strain. These strains can be relieved by an ester 
interchange resulting in the formation of the polyester. The 
easy depolymerization of the resulting polyester is readily ex- 
plained by the high degree of probability of the close approach of 
points six atoms apart in a chain. Polyesters whose structural 
units are longer than six atoms are not readily depolymerized 
because of the improbability of close approach of the requisite 
atoms of the chain. Cyclic esters of five atoms or of more than 
six atoms are not polymerized because their cyclic systems are 
free from strain. 

In the formation of six-membered cyclic esters from open chain 
compounds, either the monomer or the polymer may first be 
isolated according to the experimental conditions, but in either 
event it is not easy to prove that the form isolated is the primary 
product and not a polymerization or depolymerization product 
of the primary product. It seems fairly certain that simple 
5-lactones may be formed directly from the corresponding hydroxy 
acids. On the other hand there is evidence (19) that the self- 
esterification of lactic acid yields only polylactyllactic acids and 
that lactide, when it is formed, is produced from these by depoly- 
merization. Since lactide can itself be polymerized to a poly- 
lactyllactic acid, the latter furnishes an example of a polymer that 
can be formed either by addition or by condensation polymeri- 
zation. In most cases, no doubt, either the cyclic ester or the poly- 
mer can be formed first depending upon the conditions. 
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2. Adipic anhydride 

The behavior of adipic anhydride (56) illustrates the fact that 
the property of undergoing reversible polymerization of this type 
is not peculiar to the polyesters. In this case it is the seven- 
atom ring that is unstable. Succinic and glutaric anhydrides, 
the five- and six-atom rings, cannot be induced to polymerize. 
Sebacic anhydride is polymeric and cannot be depolymerized to a 
monomer. Adipic anhydride, when it is prepared from the acid, 
is also polymeric. • It is a waxy solid which separates from sol- 
vents as a microcrystalline powder. On being heated in vacuo 
it is depolymerized to a considerable extent, and distillation 
occurs. The distillate is the monomeric adipic anhydride, a 
liquid freezing at about 21°C. In the presence of traces of mois- 
ture this very rapidly reverts to the waxy polymeric form. 

A direct chemical proof of the actual structural difference 
between the two forms of adipic anhydride is possible (56). 
Both forms react very rapidly with aniline. The monomer, 
since it contains in its molecule only a single anhydride linkage, 
can yield only the monoanilide and this is in fact the only product 
formed. 

rcoccmco— Oi + CjHjNHj -4 HO— CO(OH,)«CO— NHCdH,. 

But with the polyanhydride the nature of the final monomeric 
products will depend upon which side of the anhydride linkage is 
involved at successive steps: 

... — CORCO-fo— CORCO-i-O— CORCO-4-0— GORCO-i-O-CORCO-i-O 
RNH ! H RNH H H NHR RNH j H RNH 1 H 

If the molecule is infinitely long, i.e., if it is so long that the 
terminal groups can be ignored, considerations of probability 
indicate that the product will be 50 per cent monoanilide, 25 per 
cent dianilide, and 25 per cent acid. Within the experimental 
error these are the yields actually obtained. This indicates that 
the molecule must be made up of at least ten or fifteen structural 
units. A cyclic polymer would of course give the same result, but 
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a low molecular weight is excluded by the properties of the 
material, and a cyclic structure of any kind is made improbable 
by considerations already discussed. 

8. Dilcetopiperazines and polypeptides 

The curious behavior of the a-hydroxy acids is especially inter- 
esting in connection with the structure and formation of proteins, 
since these are for the most part derived from a-amino acids. If 
glycine were to behave like glycolic acid, the following transfor- 
mations could be realized. 


NH 

-H*0 / \ 

NH* — CHj — COOH ( .. ^ CO CH, heat . 

| + H*0 | | ; 1 

CH* CO 

H*0 + H*0 \ / 

NH 

... — NH— CH*— CO— NH— CH*— CO— NH — CH*— CO— NH — CHar-CO— ... 

It appears that diketopiperazine can be polymerized, though 
with some difficulty (83), and polypeptides are readily obtained 
by the self-condensation of glycine and its esters. 

Balbiano (80) in 1900 showed that when glycine is heated in 
glycerol solution it loses water and yields as the principal product 
a horn-like mass, together with a small amount of diketopipera- 
zine. The horn-like material is practically insoluble in all 
solvents except hot concentrated hydrochloric acid, and by 
hydrolysis it is converted to glycine. Later this reaction was 
studied in more detail by Maillard (81), who showed that accord- 
ing to the conditions and time of heating more or less of the 
dimeric anhydride or the horn-like polymer can be obtained. He 
also isolated an intermediate individual, triglyoylglycine, 

NH* — CH* — CO — NH — CH*— CO — NH — CH* — CO— NH — CH**— COOH. 

This polypeptide is soluble in water, and Maillard made the cu- 
rious observation that if its aqueous solutions contain diketo- 
piperazine they deposit on standing an insoluble material. Ana- 
lytical evidence indicated that this material is a hexapeptide. 
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Except for the solubility effect in aqueous solutions there is no 
obvious reason why this coupling of the diketopiperazine with 
the polypeptide should stop at the hexapeptide stage. In glycerol 
solution, one may suppose that it continues progressively and 
results in the building up of a very long chain. The final horn- 
like product would then be a polypeptide containing a very large 
number of structural units — perhaps forty or more. Maillard 
assigns to this horn-like polymer the structure of a cyclopoly- 
glycylglycine, but no convincing proof of the cyclic formula is 
presented, and on general grounds an open chain formula seems 
more probable. 

The production of glycine anhydrides in glycerol solution 
probably involves the formation of glyceryl esters as transitory 
intermediates, but diketopiperazines and polypeptides can also 
be obtained by heating amino acids in the absence of a solvent. 
Curtius and Benrath (82) state that at high temperature the 
chief product from glycine is a pentapeptide. 

The esters of glycine couple with themselves much more 
readily than the free acid. Curtius (84) showed that glycine 
ethyl ester loses alcohol even at the ordinary temperature. 
When water is present ]the chief product is diketopiperazine, but 
some polypeptide ester is formed at the same time. Under 
anhydrous conditions the latter is the chief product. When 
glycine ethyl ester is dissolved in a little dry ether and allowed 
to stand at the ordinary temperature, a crystalline precipitate 
gradually accumulates. This consists almost exclusively of the 
ethyl ester of triglycylglycine. The esters of such polypeptides 
are of course capable of coupling with themselves to form still 
longer molecules. Fischer (85) observed that when the methyl 
ester of alanylglycylglycine is heated to 100°C. it yields some 
hexapeptide ester and some less soluble amorphous mater i al . 
Curtius (84) found that when his triglycylglycine ester was heated 
to 100°C. in vacuo it was converted into an insoluble infusible 
material having the composition — NHCH a CO — . He assigned 
to this material the structure of a cyclic octapeptide, but a much 
more highly polymeric open chain structure seems more probable. 

In connection with the polypeptides the behavior of the an- 
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hydrides of the N-carboxy amino acids may be mentioned (89). 
The compound 

CH 2 — co 

I > 

NH — CO 

dissolves readily in water at 0°C. At 15°C. carbon dioxide is 
evolved and an aqueous solution of glycine results. If, however, 
the compound is rubbed with a little water at room temperature 
or is heated, carbon dioxide is lost immediately and an insoluble 
infusible material is the only other product. This has the com- 
position — NHCHsCO — and on hydrolysis it yields glycine. It 
appears to be similar to the horn-like product obtained by Bal- 
biano (80). It is quite probably a polypeptide of very high 
molecular weight. The anhydrides of other N-carboxy a-amino 
acids behave in a similar fashion (90). 

4- Ethylene oxide (14, 15) 

Ethylene oxide provides another example of the polymeriza- 
tion of a cyclic compound not involving double bond unsatura- 
tion. The polymerization is induced by various catalysts such 
as alkali metals, tertiary amines, and stannic chloride. Ultra- 
violet light or Florida earth is not effective. The product is a 
solid readily soluble in water and in most organic solvents except 
ether. Its properties vary somewhat according to the method 
of preparation. By fractional precipitation it can be separated 
into fractions ranging in apparent molecular weight from about 
400 to nearly 5000. The lowest member of this series is liquid 
and the highest one a solid melting at about 59°C. The polyeth- 
ylene oxides are not depolymerized by heat; but above 300°C. 
they decompose and yield a complicated mixture of products 
containing some acetaldehyde and acrolein. Roithner (15) 
assigns to polyethylene oxide the following formula, 

fO — CH 2 — CH 2 — Q — CH& — CH 2 — — — O — CHg — CHa j 

but the evidence for this structure is largely .negative. Un- 
published work in this laboratory has led to the detection of 
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terminal hydroxyl groups, indicating that the molecule is an open 
chain. 

Ethylene oxide also polymerizes under certain conditions to 
yield dioxane (16). Apparently this shows no tendency to 
polymerize further as the six-membered cyclic esters do. 

IV. ADDITION POLYMERIZATION OP UNSATURATED COMPOUNDS 

This is the only type of polymerization that is recognized by the 
usual definitions. Thus Cohen states (91) that "the property 
of undergoing polymerization is peculiar to unsaturated com- 
pounds, from a natural tendency to saturate themselves." So 
far as the formation of materials of high molecular weight is 
concerned, such reactions are much less clear-cut than bifunctional 
condensations, for the latter involve only the application of the 
known reactions of typical functional groups, and the general 
structural plan of the product may be inferred directly from the 
structure of the starting materials. On the other hand, no clue 
to the intimate details of the mechanism of self-addition can be 
found in the reactions of the compound concerned with any 
compounds other than itself. Ethylene oxide and certain cyclic 
esters and anhydrides already discussed polymerize by self-addi- 
tion, but these reactions in some respects are radically different 
from the polymerization of compounds containing multiple 
linkages. 

Under sufficiently drastic conditions almost any compound 
can be converted into a material of high molecular weight. Thus 
methane when subjected to the action of alpha particleH or to 
the silent electrical discharge is partly transformed with loss of 
hydrogen into higher hydrocarbons (165), and benzene in the 
electrodeless discharge is converted into insoluble, amorphous 
products (166). The reaction of acetylene with itself illustrates 
how complicated the polymerization of an unsaturated compound 
may be. Polymerization at elevated temperature in the presence 
of active charcoal leads to a complicated mixture of hydrocarbons 
containing considerable amounts of benzene and naphthalene 

(167) ; the use of copper- or magnesium-containing catalysts yields 

(168) a completely insoluble amorphous powder (cuprene) of 
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unknown structure, and similar products are obtained by the 
action of ultra-violet light (169), cathode rays (170), or alpha 
particles (171) on acetylene. On the other hand, the action of 
the silent electrical discharge (172) at low temperature leads to 
the formation of considerable amounts of liquid products which 
contain highly unsaturated open chain compounds. 

The brief discussion of addition polymerization contained in 
the following paragraphs is confined to a few of the simplest and 
most thoroughly studied cases. 

1. Ethylene and other olefines 

The rather extensive literature on the polymerization of ethylene 
has recently been reviewed by Stanley (92). Ethylene poly- 
merizes less readily than most of its homologs and derivatives. 
The polymerization is accelerated by heat, pressure, ultra-violet 
light, the silent electric discharge, and by certain catalysts such 
as sulfuric acid (especially in the presence of salts of copper and 
mercury), zinc chloride, boron trifluoride, and aluminum fluoride. 
The products are usually oils having a wide boiling range. In 
general, they are not exclusively of the C tt H 2n type; hydrogenar 
tion, dehydrogenation, and cyclization may occur at the same 
time. These products are commercially valuable, but too com- 
plicated to furnish any clue as to the mechanism of their 
formation. 

Mignonac and Saint-Aunay (93), however, have succeeded in 
isolating the first products formed in the action of the silent 
electrical discharge on ethylene. These products are butene-1 
and hexene-1. Pease (94) has found evidence of the presence of 
butene-1 in the products of the thermal polymerization, and from 
a study of the kinetics has concluded that this is a chain reaction. 
In effect at least this reaction involves at the first step the addition 
of ethylene, as H + CH=CH a , to the double bpnd of another 
molecule of ethylene, and then a similar addition to butylene. 

Lebedev and his collaborators (95) have presented interesting 
data on the early stages of the polymerization of isobutylene. 
They used especially Florida earth as a catalyst and obtained 
mixtures from which a whole series of polymers up through the 
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heptamers was isolated. They found that the trimer was not 
polymerized under the conditions that lead to higher polymers 
from either the monomer or the dimer. Hence the higher polymers 
must be built up by the successive addition of monomer or dimer. 
As to the precise structure of these polymers very little is known. 

2. Vinyl compounds 

Substituted ethylenes of the type CH 2 ==CH — R, in which R 
is a negative group, polymerize much more readily than does 
ethylene itself . Examples are: 

CHj=CH — CeHj 

CH*=CH — Cl (Br) 

CH 2 =CH— 0 — COCHs 
CHs=CH — COOH 
CHj=CH — CHO 

(XP 

CH, 

The most extensive and important studies of the polymeriza- 
tion of vinyl compounds are those carried out by Staudinger and 
his coworkers. The behavior of styrene may be taken as typical. 
On standing or on being heated, this mobile, volatile liquid first 
becomes more viscous, then changes to a more or less tough 
elastic jelly, and finally it may become converted into an exceed- 
ingly hard brittle mass. This change is powerfully catalyzed by 
light and by atmospheric oxygen, and it is inhibited by certain 
antioxidants such as hydroquinone. Other catalysts that are 
effective in accelerating the change are organic peroxides and 
certain metallic halides such as stannic chloride and antimony 
chloride. If a little stannic chloride is added to an alcohol 
solution of styrene, the solution becomes warm and the poly- 
styrene quickly separates as an amorphous mass. 


Styrene (96) 

Vinyl chloride (bromide) (97) 

Vinyl acetate (98, 142) 
Acrylic acid (99) 

Acrolein (100) 

Indene (101, 105) 
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Polystyrene is not a definite material having a constant set of 
properties. By whatever method it is prepared it can be sepa- 
rated by fractional extraction or precipitation into fractions 
having the same composition but different properties and molec- 
ular weights. The lower members are readily soluble in ether 
and the highest members are quite insoluble. The apparent 
molecular weights range from 1000 up to 25^000 or more (perhaps 
as high as 200,000). All these fractions are soluble in benzene, 
and the viscosity of the solutions increases progressively with 
increasing molecular weight. The average molecular weight of 
the crude polymer depends upon the conditions of its formation. 
Those formed very rapidly, e.g., by the action of heat at high 
temperature or by the action of stannic chloride at ordinary 
temperature, have relatively low molecular weights. Those 
formed more slowly, e.g., by spontaneous polymerization at room 
temperature, have much higher molecular weights. 

The polystyrenes having molecular weights above 10,000 show 
colloidal behavior; they swell before dissolving, and the viscosity 
of their solutions is very high. Nevertheless, there is considerar 
ble evidence to show that these solutions are true molecular dis- 
persions (102), and that the molecule and the colloidal particle 
are identical. 

Chemically the polystyrols are completely saturated. They 
do not decolorize permanganate or absorb bromine. Under 
sufficiently drastic conditions they can be completely hydro- 
genated (in the benzene nucleus) without any significant change 
in molecular weight (103). On being heated to about 320°C. 
they revert to the monomer, styrene. It is doubtful if this rever- 
sion is ever quantitative. 

The polymerization of styrene evidently involves the disap- 
pearance of the double bond and the formation of very large 
molecules. The simplest and most probable structure of these 
large molecules is that suggested by Staudinger. 

... — CH— CHs— CH— CH,— CH— CH S — CH— CH,— . . . 
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The polymerization of vinyl acetate is similar to that of styrene. 
In both cases the polymer first formed remains dissolved in the 
monomer, and the mixture of monomer and polymers can be 
obtained in the form of more or less tough, transparent, elastic 
masses. The chemical behavior of the polyvinyl acetate indi- 
cates that it is a mixture of molecules of various lengths built up 
according to the plan indicated in the formula 

. . . — CHj — OH — CH S — CH — CHs — CH— CH 2 — OH — CH S — CH — . . . 

I 1 l I I 

OAc OAc OAc OAc OAc 

The number of molecules of monomer involved probably ranges 
between forty and one hundred. By fractional precipitation, 
samples of different average molecular weights can be obtained, 
and these naturally differ somewhat in their physical properties. 
Iin general the polyvinyl acetates are soluble in organic solvents 
but not in water. As esters they are readily hydrolyzed. The 
products are acetic acid and polyvinyl alcohol: 

.... —CHs — CH — CHj — CH — CHj — CH — CHs — CH — .... 

till 

OH OH OH OH 

The latter as a polyhydroxy compound dissolves in water to form 
rather highly viscous solutions, but does not dissolve in organic 
solvents. 

Acrylic acid also polymerizes very readily, yielding a product 
to which the following formula may be assigned. 

. . . — CHj — CH — CHj — CH — CHj — CH — CHj— CH — . . . 

I I I I 

COOH COOH COOH COOH 

As a highly polybasic acid it forms a sodium salt which dissolves 
in water to yield very viscous solutions. The acid itself also 
dissolves in water (the most highly polymeric varieties swell very 
strongly and dissolve with difficulty), but does not dissolve in 
the typical organic solvents. On the other hand, polyacrylic 
esters prepared by polymerizing acrylic esters are insoluble in 
water, but soluble in organic solvents. 
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The methyl ester of polyacrylic acid on being treated with 
methyl magnesium iodide yields a product corresponding approxi- 
mately in composition to the expected polytertiary alcohol, and 
this on reduction yields a hydrocarbon. Although the composi- 
tion of this hydrocarbon does not exactly correspond to that 
required by the expected structure 

. . . — CH,— CH— CHr-CH— . . . 

I I 

(CH,),HC CH(CH a ), 

its high molecular weight proves that the ester from which it was 
derived is also really a material of high molecular weight, and 
that the units must be joined by carbon-carbon linkages. 

The problem of arriving at a definite mechanism for the poly- 
merization of vinyl compounds is complicated by the fact that 
neither the formation of the polymers nor their chemical behavior 
furnishes any certain clue to their structure. The general formula 


— OH.— CH- -CHs— CH-f-CH,— OH- CH,— CH- 
R R R R 

is perhaps more plausible than any other j since, as Staudinger 
has pointed out, it best accounts for the fact that some polyvinyl 
compounds (e.g., polystyrene) are smoothly depolymerized by 
the action of heat: the recurring substituent would weaken the 
linkages of the chain at the points indicated by the dotted lines. 
But depolymerization is never quantitative, and it is at least 
conceivable that a fraction of the units of each chain are arranged 
in the reverse fashion : 

. . . — OH — CH, — CH,— OH— CH — CH,— CH, — GH-r . . , 

I II I 

R R R R 

It has already been mentioned that the first step in the poly- 
merization of ethylene is the formation of butene-1 and the second 
step is the formation of hexene-1. Similar terminal Unsaturations 
have been found by Whitby and Katz in a still longer series of 
polyindenes, and this suggests that the most plausible mechanism 
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for the polymerization of vinyl compounds is “best represented as 
proceeding stepwise by the addition regularly of successive mole- 
cules of monomer to the double bond present at each stage of the 
polymerization immediately preceding” (105). This mechanism 
may be formulated as follows: 

RCH=CHj + RCH=CH 2 -V RCH 2 CH 2 C(R)=CH 2 

RCH 2 CH s C(R)=CH 2 + RCH=CH 2 -» RCH 2 OH 2 CH(R)CH 2 C(R)=CH t , etc. 

Staudinger disagrees with this view. He claims that the poly- 
indenes do not have any terminal unsaturations, and from analo- 
gies based on the behavior of a-methylstyrene (104) he assigns 
a cyclic formula to polyindene and polystyrene. o-Methyl- 
styrene, CH s ==C(CHj)CeH 6 , polymerizes much less readily than 
styrene, but the reaction may be caused to occur quite rapidly 
by certain catalysts, e.g., stannic chloride (104). The principal 
product is the saturated dimer, a substituted cyclobutane. A 
smaller amount of a saturated trimer is formed at the same time, 
and in progressively smaller amounts saturated tetramer, pen- 
tamer, decamer, hexamer, heptamer, and octamer. On the 
basis of their physical and chemical properties Staudinger assumes 
that these higher polymers are respectively six-, eight-, ten-, 
twelve-, fourteen-, and sixteen-membered rings. 

It should be observed however that these products are quite 
different from those obtained from styrene under similar .condi- 
tions; moreover, the absence of the a-hydrogen makes it impossi- 
ble for a-methylstyrene to polymerize by the mechanism sug- 
gested above for vinyl compounds generally. It is therefore 
scarcely permissible to conclude that the high polymers from 
styrene must be cyclic because the low polymers from a-methyl- 
styrene are cyclic. Other more general grounds for rejecting 
cyclic formulas for linear high polymers have been presented in 
previous paragraphs. 

The polymerization of vinyl compounds is enormously suscepti- 
ble to catalytic and anticatalytic effects. Heat also accelerates 
the polymerization, and in general the more rapidly the polymer 
is formed, the lower is the average molecular weight of the 
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product. Oxygen and peroxides are catalysts, and antioxidants 
act as inhibitors. Light, especially the shorter wave lengths of 
the visible spectrum, accelerates the polymerization. In certain 
cases the presence of oxygen inhibits this photochemical effect. 
With the aid of certain specific catalysts, it is possible to convert 
styrene and certain other vinyl compounds into dimers, but these 
are stable substances that show no tendency to polymerize further, 
and they differ structurally from the dimers that have been hypoth- 
ecated as intermediates in the formation of the high polymers. 
Under conditions that result in the formation of the latter, no 
polymers of very low molecular weight can be detected. All 
these facts indicate that the formation of the high polymer is a 
chain reaction. The collision of an activated molecule of mono- 
mer with another molecule of monomer yields an active dimer 
capable of coupling with another molecule of monomer, and the 
activating energy persists in the polymeric chain until it has been 
built up to a considerable length. Kinetic studies of the poly- 
merization of vinyl acetate (106) and styrene (107) support the 
idea of a chain mechanism. 


S. Dimes 

Butadiene and isoprene are of especial interest in connection 
with rubber. Nobody knows whether in nature rubber is actually 
formed from isoprene or not; but it is true that rubber yields ’some 
isoprene on thermal decomposition, and that isoprene can be 
polymerized to a product which more or less resembles natural 
rubber. Similar products can also be produced from butadiene 
and from some of its derivatives. Efforts to produce synthetic 
rubber have led to hundreds of patents and various other publica- 
tions. This subject is reviewed in a book by Schotz (108). 
There is space here to mention only two or three points. 

Butadiene and isoprene polymerize much less readily than 
styrene, vinyl acetate, etc., but apparently they are subject to 
the same kind of accelerating influences. Among the catalysts 
that have been used are oxygen, peroxides, ozonides, alkali 
metals, alkali alkyls. When emulsified, especially in the pres- 
ence of oxygen, they polymerize more rapidly than otherwise. 
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It is claimed in many patents that the presence of proteins, 
gums, etc., in such emulsions has a favorable effect on the course 
of the reaction and results in products more nearly resembling 
natural rubber, but it seems probable that the advantages of such 
additions are largely imaginary. It is possible to prepare from 
isoprene and butadiene high polymers that have very little 
resemblance to natural rubber, and the problem of preparing a 
synthetic rubber of good quality is enormously complicated and 
difficult. 

The structural unit in the polymeric chain from isoprene 
appears to be 

— CH,— C=CH— CH,— . 

I 

CHa 

In effect, the polymerization involves the union of a large number 
of these radicals derived from isoprene by the rearrangement of 
its bonds. Two such radicals might unite in three ways: 1,1; 
1,4; 4,4. Midgley and Henne (109) have captured the first 
step in the reaction by carrying out the polymerization in the 
presence of sodium and alcohol so that the terminal valences of 
the dimer are hydrogenated. The structures of the three prod- 
ucts, whose formulas are shown below, prove that all three 
types of combination occur. 

CHa — CH=C — CH, — CH, — C=CH — CH, 

I I 

CH, CH 3 

CH S — C=CH — CH, — CH, — C=CH — CHa 

I I 

CH, CH, 

CH, — C=CH — CH, — CH, — CH=C — CH, 

CH, CH, 

This result indicates that the arrangement of the units in synthetic 
rubber formed under these conditions is less regular than in 
natural rubber, but it by no means proves that the actual mecha- 
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nism of the reaction consists in the direct union of radicals corre- 
sponding in formula with the structural unit. The 1 ,4 addition 
of H — + — CH=C(CH 8 )CH=CH 2 to isoprene, for example, 
would lead to the same result. 

4. Aldehydes 

The polymerization of formaldehyde under various conditions 
leads to polyoxymethylenes. These are microcrystalline pow- 
ders, which in general cannot be melted or dissolved in organic 
solvents without decomposition. They have been very elabo- 
rately studied by Staudinger and his coworkers (110). These 
studies have proved that the molecules of the polyoxymethylenes 
are long chains of the type 

.... — -0 — CHa — 0 — CHj — 0 — CHj— 0 — CH* — 0 — CHj — .... 

The chains contain from forty to at least one hundred structural 
units. The different varieties of polyoxymethylenes are dis- 
tinguished by the nature of the terminal groups: in the a-variety 
the terminal groups are OH; in the )8-variety they are OCH s , 
and this variety is more inert chemically than the a-variety. By 
the action of acetic anhydride, the polyoxymethylenes are simul- 
taneously degraded and acetylated. The product consists of a 
mixture of compounds of the series CH 3 CO — (0 — CH 2 )* — 0 — 
COCH a . By distillation and crystallization, each individual 
of this series from x = 1 to x = 20 has been isolated in a fairly 
pure state. The melting points and boiling points of these 
individuals increase continuously with increasing molecular 
weight and their solubilities diminish. The successive members 
above x - 20 resemble each other so closely and their solubilities 
are so low, that they cannot be separated into pure fractions. 

Formaldehyde also polymerizes to yield the cyclic trimer, 
trioxymethylene, and analogous trimers are the most common 
forms of the polymers of other aldehydes. It seems possible, 
however, that some of the metaldehydes are linear polymers of 
high molecular weight analogous to the polyoxymethylenes. Con- 
ant (111) has obtained from butyraldehyde by the action of very 
high pressure a solid polymer for which he suggests such a strac- 
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ture. This polymer is apparently stable only under pressure. 
Under the ordinary conditions it rapidly reverts to the monomer. 

The thio aldehydes and ketones show more tendency to 
polymerize than their oxygen analogs (158). Organic silicon 
compounds of the types R s Si=0, RSi(=0)0H, etc., are fre- 
quently incapable of being isolated in the monomeric condition, 
and they invariably polymerize very readily. It is interesting 
in this connection to compare carbon dioxide and silicon dioxide. 
The latter is probably a three-dimensional polymer. 

V. POLYFUN CTIONAL EEACTIONS AND NON-LINEAR POLYMERS 

The polymers discussed thus far, whether formed by condensa- 
tion or by self-addition, are of a type that may be symbolized by 
the formula . . . . —A— A— A— A— A— A— A — . . . . Reac- 
tions of condensation are not limited to bifunctional compounds, 
however. If one of two reactants contains two functional groups 
and the other contains more than two> the product will be not a 
simple chain but a more complicated structure. Such reactions 
may be called bi-trifunctional, bi-tetrafunctional, tri-trifunc- 
tional, etc. (18). Reactions of this class are especially important 
technically in connection with the formation of synthetic resins. 
Two examples may be considered. 

The glyptal resins are formed by the action' of phthalic acid on 
glycerol. The reaction first leads to the formation of a fairly soft, 
soluble, thermoplastic resin, and this on being heated further 
yields a hard, insoluble resin which is completely lacking in 
thermoplasticity. The only reaction involved in the process is 
esterification (112), and the resin can be saponified completely 
to yield phthalic acid and glycerol (51). Analysis of the resin 
just before the infusible stage is reached shows that the glycerol 
and the phthalic acid are far from having reacted completely with 
each other, that is, free carboxyl and presumably free hydroxyl 
groups are still present. The behavior of a dihydric alcohol 
such as ethylene glycol in this reaction presents quite a different 
picture from glycerol. With the glycol it is possible to obtain 
complete esterification, but however far the reaction is carried the 
product does not become infusible or insoluble. The reason for 
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this difference is obvious. The polyester formed from the dibasic 
acid and the glycol is linear; as the reaction progresses the mole- 
cules grow, but the growth takes place only in one dimension. 
Similar chains formed in the reaction of glycerol with phthalic 
acid would bear hydroxyl groups 


HO 1 y J y -COOH 

OH OH OH OH 


By reaction of these groups with phthalic acid the chains would 
be linked together, and thus a very complicated three-dimen- 
sional molecule would be built up. After a certain degree of 
complexity is reached, the possibility of molecular mobility no 
longer exists. It is conceivable that this cross-linking of the 
chains finally results in a mass that is essentially a single molecule. 
In any event it is easy to see how the possibility of further reac- 
tion disappears long before all the carboxyl and hydroxyl groups 
have a chance to participate. It is easy to see also why the action 
of any dibasic acid on glycerol always yields an amorphous 
resin, whereas the polyesters from dibasic acids and dihydrie 
alcohols are frequently crystalline. 

The formation of Bakelite from phenol and formaldehyde may 
also be classified as a tri-bifunctional reaction. The formalde- 
hyde behaves as though it were HO — CH® — OH, and it reacts no 
doubt largely at the o- and p-hydrogens of the benzene nucleus. 
With phenol itself the number of possible products even of quite 
low molecular weight is so great that no intermediate polymeric 
individuals can be isolated. On the other hand p-cresol has only 
two readily reactive positions. Thus it is possible as Koebner 
has shown (113) to isolate the compounds indicated below 

OH OH 

Cr~0 - 

CH, CH, 

as crystalline individuals, by causing formaldehyde and p-cresol 
to react in the appropriate ratios, and these can be used to build 
up still longer chains of the same series. The progressive hydrol- 
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ysis of silicic esters to silicon dioxide, already discussed in a 
previous paragraph, furnishes another example of the formation 
of a three-dimensional polymer. 

Addition polymerization may also lead to the formation of 
three-dimensional structures. Thus acetylene reacts with itself 
under the influence of certain catalysts (not necessarily copper) 
with the formation of cuprene, an infusible and insoluble powder, 
and Staudinger suggests (2) that in this reaction the first step is 
the formation of unsaturated chains .... — CH=CH — CH= 
CH — CH—CH — .... which subsequently combine with one 
another. The vulcanization of rubber probably also involves the 
cross-linking of the long chains through the agency of the un- 
saturated linkages present (39). 

VI. NATUEAL POLYMERS 

1. The association theory versus the structural theory 

The peculiar and difficult physical and chemical behavior of 
polymers has occasionally led to the suggestion that forces of a 
peculiar kind are involved in their formation. Thus Thiele in 
1899 (132) suggested that perhaps in such materials as polystyrene 
the molecules of monomer are bound together merely by partial 
valences. Rohm in 1901 (1 15) concluded that the transformation 
of monomeric acrylic esters into the highly polymeric form is not 
chemical reaction but a kind of allotropic change. Later Schroeter 
(116, 117) suggested that the formation of dimeric ketene and 
of tetrasalicylide is due to the manifestation of an excess of pe- 
ripheral external force about the monomeric molecules, and that 
the actual chemical structures of the monomeric molecules are not 
changed in the process. These particular suggestions are not 
tenable in the light of chemical evidence now available, but the 
association theory of polymeric structure reappeared about 1924 
and was widely accepted as an explanation of the peculiarities 
of natural high polymers (118). According to one form of this 
theory, cellulose, for example, might be an anhydroglucose having 
the molecular formula CeHioOe. This molecule, because of the 
unusual strain of its cyclic structure or for some other reason, is 
supposed to exhibit enormously exaggerated forces of association 
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or residual valence, and hence to behave physically as though it 
were a material of very high molecular weight. In the same way 
proteins might be built up by the mutual association of various 
small units, e.g., diketopiperazines. 

In support of this theory various investigators showed that it 
was possible by freezing and boiling point methods to obtain 
small and rapidly shifting values for the molecular weights of 
polysaccharides, proteins, and rubber. Repetition of these 
determinations by other investigators proved, however, that the 
low results were due in most cases to errors in technic. Other 
support came from x-ray studies, which indicated that the unit 
cell of the crystal lattice of some high polymers is too small to 
contain a very large molecule. It was assumed at the time that 
a unit cell could not contain less than one molecule, but studies 
of known substances of high molecular weight proved that this 
assumption was incorrect. Meanwhile Staudinger’s studies of 
synthetic materials repeatedly demonstrated that polymerization 
may lead to the formation of very long chains built up by real 
chemical forces in a regular fashion, and that such synthetic 
materials often resemble natural high polymers in many signifi- 
cant physical and chemical properties. Studies made in this 
laboratory on high polymers formed by condensation reactions 
led to the same conclusion. The idea that natural high polymers 
involve some principles of molecular structure peculiar to them- 
selves and not capable of being simulated by synthetic materials is 
too strongly suggestive of the vital hypothesis, which preceded 
the dawn of organic chemistry, to be seriously considered. 

It should be emphasized in this connection that polymerization 
is not peculiar to unsaturated compounds, and that a very high 
degree of mobility in the relation between a monomer and its 
polymer does not preclude the intervention of real primary valence 
forces in the process or the presence of a definite macromoleoular 
structure in the polymer. This fact is illustrated especially by 
adipic anhydride and the six-membered cyclic esters discussed in 
previous sections of this paper. These materials appear to 
exhibit all the supposedly diagaostic features of association 
polymerization; nevertheless their transformation into polymers 
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is a real chemical process, and the polymers axe actually made 
up of large molecules. No example is yet known in which a small 
molecule of known structure simulates a material of high molecu- 
lar weight without undergoing any change in structure. 

A return to the simple structural theory of organic chemistry 
and the application of modem tools have been responsible, during 
the past five years, for very rapid progress in the interpretation 
of the structure and properties of some of the simpler, naturally 
occurring high polymers. It appears that many naturally occur- 
ring macromoleculax materials have a linear polymeric structure. 
The present status of this subject has been reviewed by Meyer 
and Mark (3), and in the following paragraphs only cellulose and 
rubber are briefly discussed. 


2. Cellulose 

Chemical evidence for a linear polymeric structure in the cellu- 
lose molecule has long been available (125). More recently, 
Haworth’s proof of the structure of eellobiose (120) and certain 
studies of the relation of glucose and eellobiose to cellulose (122) 
furnished the basis for tentative efforts to determine the nature of 
the units in the molecular chain (121). Sponsler and Dore (123) 
on the basis of x-ray evidence first put the linear polymeric 
structure in explicit form. This formula was further developed 
by Meyer and Mark (119), and it can now be said that the 
structure of cellulose, at least in its essential outlines, is definitely 
known. In its simplest chemical form the structural unit of 
cellulose may be represented by the bivalent radical derived by 
the removal of water from glucose (glucopyranose) 


I CHO — [Hj 

CHOH 

I 

O CHOH 

CH [OH] 

CH 


Hi- 


or 


H 

> /I— 

/ OH 
\H 
r \| — 


OH 


/ 

- 0 / 


-I OH! 


CH 2 OH 


CH*OH 


Glucose 
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A large number of these units are united chemically to form a 
long chain which constitutes the cellulose molecule. 


H OH CH 2 0H H OH CHjOH 



(For a more detailed picture of the spatial arrangements in this 
chain, including the atomic distances, see reference 3.) In the 
cellulose fiber (cotton, ramie, etc.) these long molecules are lined 
up parallel with each other along the fiber axis. 

To complete this formula it is necessary to specify the nature 
of the terminal groups and the length of the chain. The most 
reasonable assumption is that the chains are open and terminated 
by hydroxyl groups (alcoholic at one end and semi-acetal at the 
other), but no very definite experimental evidence on this point 
is available. Meyer and Mark estimate that the molecular 
chains are made up of from sixty to one hundred glucose units 
(molecular weight, 10,000 to 16,000), and they assume that the 
molecules are segregated into compact bundles (crystallites or 
micelles) from which the gross structure of the cellulose fiber is 
built up. Staudinger, however, has presented evidence (124) 
that the crystallites do not persist in dispersions of cellulose and 
its derivatives, and that the molecules have a weight much higher 
than 16,000. Stamm (126) has made direct measurements of 
particle size in ammoniacal copper dispersions of cellulose by the 
Svedberg ultracentrifugal method and obtained a value (on the 
copper-free basis) of 40,000 ± 6 per cent. The molecules in a 
given sample of cellulose are probably not all of the same length, 
but Stamm's data indicate a much higher degree of homogeneity 
than one might expect. 

According to this picture cellulose, like other high polymers, is 
not a chemical individual in the sense of being composed of identi- 
cal molecules, and its structure cannot be completely specified by 
a single exactly defined formula. On the other hand, this picture 
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accounts for the physical and chemical behavior of cellulose just 
as completely and satisfactorily as the formulas of simple com- 
pounds account for their properties. Cellulose fibers are very 
strong because of the parallel arrangement of the long molecular 
chains along the fiber axis. These chains adhere firmly to one 
another because of the cumulative force of association of the 
numerous hydroxyl groups. Strong aqueous alkali is able to 
penetrate this structure, and the resulting spreading apart of the 
chains causes lateral swelling. Other reagents (e.g., nitric acid) 
can penetrate the structure and esterify the hydroxyls without 
completely changing the apparent physical structure of the fiber. 
Cellulose is degraded much more rapidly by acids than by alkalies 
because the units are joined together by acetal linkages. The 
great length of the molecules accounts for the high viscosity of 
dispersions of cellulose and its derivatives. The very first stages 
of degradation greatly reduce the viscosity (124) because, for 
example, the hydrolytic absorption of 1 part of water in 2000 is 
capable of reducing by half the average size of the molecules. 
Undegraded cellulose has little or no reducing power (130) 
because it contains only one reducing group in an exceedingly 
large molecule, but reducing power is manifested and increases pro- 
gressively with hydrolysis (124, 127). Complete hydrolysis finally 
gives a quantitative yield of glucose (125); cellobiose, a triose, 
a tetrose (128) and higher polysaccharides are formed as inter- 
mediate products. The hydrolysis agrees in its kinetics with the 
theoretical requirements for the chain structure (129). This 
structure also accounts for the presence of three esterifiable 
hydroxyl groups for each C« unit, and for the fact that completely 
methylated cellulose yields 2,3,6-trimethylglUcose on hydrolysis 
( 121 ). 

S. Rubber 

It is well known that rubber hydrocarbon has the same empiri- 
cal composition as isoprene (C e H 8 ) ; that isoprene can be poly- 
merized to yield a material resembling natural rubber; and that 
the behavior of rubber toward halogens, hydrobromic acid, and 
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hydrogen indicates the presence of one double bond for each five 
atoms of carbon. Harries many years ago (131) showed that 
the degradation of rubber by ozone yields chiefly levulinic acid 
and aldehyde, and this fact indicates that the rubber molecules 
must be largely built up by the repetition of the unit 

— CH2 — C=CH — CH2 — 

i. 

CH, 

in a regular manner as indicated below. 

(II) . . . — CH 2 CMe=CHCH 2 -CH 2 CMe=CHCH 2 — CH 2 CMe=CHCHj— . . . 

... — OMe=CHCH s CH 2 CMe=CH— ... - ° - zomz — ?n - > CHOCH a CH s OOMe 
Rubber Levulinic aldehyde 

Harries first assumed that the rubber molecule is an eight- 
membered ring. Later the discovery of larger fragments in the 
products of degradation by ozone led him to suggest a larger 
cyclic structure. The physical properties of rubber clearly indi- 
cate however that it is macromolecular. Pickles (133) suggested 
the more plausible linear polymeric structure indicated above, 
and Staudinger (134) has brought forward a large mass of evidence 
in favor of this structure. The best evidence available indicates 
that the average weight of the rubber molecule is exceedingly 
large — perhaps in the neighborhood of 70,000 (135). It appears, 
moreover, that molecules having widely different sizes must be 
present in a given sample of rubber. Raw rubber is not homo- 
geneous in its behavior toward solvents. When placed in contact 
with ether it swells and part of it diffuses into solution fairly 
rapidly. The action of fresh ether on the residue is much slower, 
and it is possible to carry the process of extraction so far as to 
obtain ultimately a residue that shows scarcely any tendency to 
dissolve. On the basis of such experiments it has been assumed 
that rubber is made up of two phases, sol and gel, and that the 
properties of rubber are due to the colloidal relationships of 
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these two phases. In support of this idea there is the fact that 
colloidal dispersions of the jelly type frequently exhibit striking 
elasticity. This is true, for example, of polystyrene when it is 
swollen with unpolymerized styrene or with other hydrocarbon 
solvents. Whitby (137), however, has shown that sol-rubber 
(diffused) alone shows all the characteristic physical properties 
of raw rubber and differs from the latter only in degree. More- 
over, it appears that sol- and gel-rubber are not distinct species 
and that neither of them is homogeneous. Rubber probably 
consists of a long continuous series of molecules of differing 
lengths. The smallest molecules dissolve quite readily and the 
largest ones only with difficulty. 

If the rubber molecule is built up uniformly according to the 
regular plan indicated in formula II it should yield levulinic acid 
and aldehyde as the exclusive products of degradation by ozone. 
The yields of these products obtained by Harries accounted for 
only about 70 per cent of the rubber. Pummerer (136) has re- 
cently undertaken a reexamination of the Harries method, using 
carefully purified rubber, and has been able to account for 90 
per cent of the rubber. He finds significant amounts of succinic 
acid, acetic acid, and acetone among the products. If the rubber 
molecule is an open chain, it might have an extra double bond at 
one end, and according to the disposition of this bond any of the 
above named by-products might be produced by ozonization. 
These products might also result from occasional irregularities in 
the arrangement of the units along the chain. The various 
possibilities have been outlined by Whitby (137). 

Although the examination of unstretched rubber by x-rays gives 
only an amorphous ring, stretched rubber gives a sharp fiber 
diffraction pattern (138). When unstretched rubber is cooled 
in liquid air and then fractured by impact, it breaks up into 
irregular fragments; stretched rubber treated in the same way 
breaks up into thin fibers along the axis of stretch (139). These 
facts show that stretched rubber is much more highly oriented 
than unstretched rubber. 

The structural unit of rubber contains a double bond and this 
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brings about the possibility of stereoisomerism. The units may 
be in the cis or the trans form (or both). 


/ 

\ 

CH, H 
\ / 

H CH, 

\ / 
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II 

II ' 
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/ \ 

/ \ 

CH, CH, 

CH, CH, 

\ 

\ 

cis form 

trans form 


The x-ray data are said to favor the cis orientation (140). A 
spatial model of a long chain of such cis units is capable of being 
coiled up into a cylindrical spiral, and this spiral can be stretched 
out into a long chain. Various writers have suggested that the 
spiral model is capable of explaining the reversible stretching of 
rubber. This model has recently been discussed in detail by 
Fikentscher and Mark (140). It is assumed that the residual 
valence forces at the double bonds are responsible for holding 
the spiral in its compressed form. When the rubber is stretched, 
work is done against these forces, and the molecules assume the 
chain-like form, where they are much more highly oriented with 
respect to one another. Vulcanization is assumed to involve 
the chemical linking of theae spiral chains at occasional points 
through sulfur atoms. A very small amount of combined sulfur 
does not interfere with the stretching of the spirals, but it pre- 
vents the chains from slipping past one another or being torn 
apart; consequently vulcanized rubber is not plastic, and it is not 
dissolved but only swelled by rubber solvents. As the amount 
of combined sulfur increases, the entire structure becomes more 
rigidly linked together, the plastic properties are completely sup- 
pressed, and the ability to imbibe solvent is lost. This picture is 
useful but it can hardly be said to account completely for the 
remarkable properties of rubber. 
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VII. THE PHYSICAL PROPERTIES OF HIGH POLYMERS 

Perhaps the most important result of the study of synthetic 
high polymers has been to establish the fact that such materials 
are actually made up of exceedingly large molecules in the sense 
of the ordinary structural theory of organic chemistry. This is 
a point on which considerable scepticism has prevailed in the past, 
and the attempt to evade or ignore the idea of the molecules in 
dealing with high polymers has led to much speculative confusion. 

It is true that synthetic linear high polymers are invariably 
mixtures whose molecules are chains of slightly differing lengths, 
and it is difficult to obtain reliable estimates of the average size 
of these molecules. Nevertheless it must be admitted that a 
molecule does not lose any of its definiteness as an entity either 
through the fact that it is exceedingly large or through the fact 
that it cannot be completely separated from other similar but 
slightly different molecules, and the properties of high polymers 
must ultimately be conditioned by the kinds of molecules which 
they contain. 

It would be beyond the intended scope of this paper to attempt 
a detailed discussion of the relation between the molecular 
structure and the physical properties of high polymers, but there 
are two or three points that deserve some mention. 

It is evident that pi some respects the physical behavior of a 
molecule whose length is 100 times as great as its other dimensions 
must be profoundly different from that of a small compact mole- 
cule. Enormously long, flexible, and clumsy molecules must be 
very sluggish in their kinetic behavior, and it is not surprising 
that high polymers cannot be distilled or that they are never 
obtained in the form of thin mobile liquids. 

The cohesive forces which resist the separation of molecules 
from one another (as measured, for example, by the heat of 
vaporization) increase continuously with increasing molecular 
weight in a given series, and in high polymers they reach values 
greatly in excess of the energy required to rupture a primary 
valence linkage in a chain (141). For this reason high polymers 
cannot be distilled without decomposition; indeed it appears that 



POLYMERIZATION 


413 


the upper limit of distillability may lie at as low a molecular 
weight as 1200 to 1500 (44). 

1. Solubility and colloidal properties 

High polymers are subject to the same rough qualitative 
solubility rules that apply to simple compounds : like dissolves 
like; polar compounds dissolve in polar solvents and non-polar 
compounds in non-polar solvents; solubility in a given series 
diminishes with increasing molecular weight. Thus, rubber and 
polystyrenes are soluble in benzene, but not in acetone; polya- 
mides are not dissolved by the usual organic solvents, but are 
dissolved by hot formamide; polyacrylic acid is soluble in water, 
while its esters dissolve in organic solvents but not in water; 
polystyrenes of low molecular weight (about 1000) are soluble 
in ether while polystyrenes of high molecular weight (about 
20,000) are only slightly soluble in ether but are still dissolved by 
benzene. 

The solubility of high polymers is sometimes surprisingly great 
compared with that of analogous simple compounds of much 
lower molecular weight. The higher normal paraffin hydrocar- 
bons (e.g., heptacontane) are practically insoluble in any solvents 
at the ordinary temperature, while polystyrene and hydrorubber, 
which are essentially very long paraffin chains substituted at 
intervals by phenyl and methyl groups, dissolve readily in ben- 
zene. One reason for this no doubt lies in the fact that most high 
polymers are mixtures of molecules of different lengths, and these 
are capable to a certain extent of behaving independently in their 
solubility behavior. Moreover, the crystal lattices of high poly- 
mers are not so well ordered and rigidly constructed as those of 
low molecular weight materials and they may, for this reason, 
be more susceptible to attack by solvents. 

The fact that the cohesive forces operating between large 
molecules are exceedingly high does not mean that polymers are 
incapable of forming molecular dispersions. Solubility depends 
upon specific affinities. Soluble linear polymers of relatively low 
molecular weight (e.g., 1000 to 5000) dissolve spontaneously and 
very rapidly in appropriate solvents and yield solutions which 
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are not highly viscous. The osmotic unit in these solutions is 
the molecule, not an aggregate of molecules. For various poly- 
esters this has been proved (32, 34) by the fact that the same 
molecular weight values are obtained in a variety of solvents and 
by both freezing point and boiling point methods. Moreover,' 
as the data of table 2 show, direct chemical determinations of 
molecular weight give the same values as the osmotic methods. 
Polyesters having molecular weights considerably above 5000 
dissolve in the same solvents as the lower polyesters, but the 
process of solution is slower and the solutions are more viscous 
(51). The same behavior is observed in other polymeric series. 
Polystyrenes having molecular weights of about 1000 dissolve 
instantly in benzene, and the viscosity of the solutions is low; 
polystyrenes having molecular weights above 10,000 swell before 
dissolving, and the solutions are highly viscous (102). These 
evidences of colloidal behavior are due simply to the fact that the 
molecules are exceedingly long. The probable mechanism of 
solution of certain polymers is best illustrated by a specific 
example. 

Rubber is made up of enormously long hydrocarbon chains 
ranging perhaps from 1000 to 10,000A. in length. These chains 
have a high specific affinity for certain non-polar solvents such as 
benzene. In a mass of rubber, adjacent chains are firmly bound 
to one another by cohesive forces. The structure is notan 
entirely regular one and there is no doubt a considerable amount 
of purely mechanical entanglement. Benzene, by virtue of its 
specific affinity for the chains, is capable of penetrating into the 
mass, solvating the chains, and spreading them apart. The 
structure thus becomes swollen and more tenuous, and finally 
individual fragments are carried away into solution. The 
fragments may be single molecules or only incompletely disrupted 
aggregates, but finally, if sufficient solvent is present, the latter 
are broken down and what amounts to an actual molecular dis- 
persion results. This dispersion has a very high viscosity even 
when quite dilute, for the molecules are not only very large, but, 
owing to the fact that they are solvated and extended in only 
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one dimension, they have an effective radius of action quite out 
of proportion to their size. 

The view that lyophilic dispersions of linear high polymers are 
usually true molecular dispersions, although it has not yet been 
generally accepted by colloid chemists (see 174), has been sup- 
ported by Staudinger with a large mass of evidence (146, 102, 
124, 135), which in its cumulative force seems to the writer fairly 
conclusive. Reference may be made also to Stamm’s determi- 
nation with Svedberg’s ultracentrifuge of the particle size of 
cellulose dispersions in copper-ammonia solutions (126). He 
obtained the value 40,000 ±5 per cent. It is quite certain on 
various grounds that the average molecular weight of cellulose 
cannot be less than about 16,000, so that if St amm ’s particle is 
an aggregate it cannot contain more than two or three molecules. 
It seems highly arbitrary to assume that the solvent action 
of the dispersing agent, which depends upon a specific affinity 
for the cellulose molecules, should be capable of carrying off the 
molecules only as pairs or triplets and never as single molecules. 

It is of course not contended that association never occurs in 
lyophilic solutions of high polymers, but merely that association 
occurs only as the result of some appropriate peculiarity in the 
molecular structure of the polymer, e.g., through the presence of 
recurring amide or carboxyl groups. 

2. Crystallinity 

Linear polymers, in spite of their lack of complete homogeneity 
and their high molecular weight, are by no means always amor- 
phous. As indicated in table 1, all the polyesters derived from 
glycols of the series HO(CH a ) x OH and acids of the series carbonic, 
oxalic, succinic, etc., separate from solvents in the form of powders 
which show quite definite melting points. On the other hand, 
similar esters derived from phthalic acid are invariably trans- 
parent, amorphous resins. The ability to crystallize appears to 
require a high degree of linear symmetry in the structural unit. 
The presence of side chains such as methyl or phenyl groups on the 
units, and the random mixing of structural units, which occurs, 
for example, when polymers are prepared from a single glycol 
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and two different acids, diminish the tendency toward crystal- 
linity. Thus, polyesters and polyamides derived from unsubsti- 
tuted aliphatic compounds are crystalline, and so also are the 
polyoxymethylenes and polyethylene oxide, while polymers 
derived from vinyl compounds of the type XCH=CHj are usually 
amorphous. In these vinyl polymers the X group diminishes 
the linear symmetry of the chain; moreover in the formation, of 
such polymers occasional inversions of the order of the units 
probably occur. 

The behavior of ethylene succinate (molecular weight, 3000) on 
crystallization appears to be typical of many high molecular 
weight materials. It separates from a melt or from concentrated 
solutions in chloroform as doubly refracting microscopic spheru- 
lites which grow to what appear to be star-like clusters of needles. 
Further growth leads to frost-like patterns. The melt finally 
solidifies to an opaque porcelain-like mass. From dilute alcohol 
solutions ethylene succinate separates in very thin, discrete 
needles, but these lose their identity as soon as the solvent has 
evaporated. This behavior is highly characteristic of very long 
chains. It is reproduced in all its details by such diverse materials 
as triaeetylinulin (150), n-heptacontane (51), and trimethyl- 
cellulose. The photomicrographs of crystalline trimethylcellu- 
lose presented by Hess (149) would serve equally well to represent 
ethylene succinate. Linear polymers in the form of micro- 
crystalline powders have a pronounced tendency to become elec- 
trified, and they strongly adsorb considerable amounts of water 
vapor even when they show scarcely any tendency to dissolve in 
water. 

The crystallization of linear polymers probably involves the 
parallel arrangement of the long chains into compact bundles, 
since this arrangement enables the molecules to exert their 
maximum cohesive force (151). Loose parallel swarms of 
molecules may also exist in melts or solutions of the polymers. 
Molecules of identical length might be arranged in bundles 
as shown in figure 1 (a), but especially with very long molecules, 
a less regular type of structure such as that shown in (b) might 
be produced. The arrangement shown in (b) has no sharp 
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boundaries and this defect would be exaggerated if the molecules 
were not all of the same length. Since the molecules of a speci- 
men of high polymer are very long and have not all the same 
length the lattice bundles first formed must more nearly resemble 
(b) than (a). In the presence of solvent, such crystals might 
persist as discrete particles, but in the absence of a solvent they 
would tend to coalesce and lose their identity, owing to the 
absence of sharp boundaries and the incomplete neutralization 
of the residual forces of the projecting molecules. Thus, it is 
never possible to isolate large discrete (unsolvated) crystals of 
high polymers. Moreover, though solid masses of crystalline 
high polymers may be either hard and brittle or very tough, or 
soft and wax-like, they never show any definite planes of cleavage. 
The coalescence of the initial crystallites, which occurs as a 
molten mass of polyester finally solidifies, must occur in a random 


Fig. la Fig. lb 

and rather disordered fashion, and it is probable also that the 
crystallites are cemented together by molecules that have not 
succeeded in completely identifying themselves with any particu- 
lar crystallite. 

The melting points of crystalline linear polymers show certain 
regularities. For a given molecular weight the melting points 
increase with the cohesive force (polarity) of the structural units. 
Polyamides have much higher melting points than analogous 
polyesters. Polyesters derived from short chain dibasic acids 
melt higher than those derived from the longer chain acids; 
mixed polyesters melt lower than simple ones. For a given 
polyester the melting point usually increases with increasing 
molecular weight up to a certain point, and after that it remains 
unchanged even though the molecular weight be increased many 
fold. Melting points are sometimes rather vague, but more 
frequently they are surprisingly sharp even when the molecular 
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weight is so high that the molten polymer shows no sign of flowing 
and the only indication of melting is the disappearance of opacity. 

The question of the meaning of the term crystallinity in con- 
nection with high polymers is rather confused. Linear polyesters 
whose molecular weights lie below 5000 are definitely crystalline; 
they have sharp melting points and the crystals can actually 
be seen under the microscope. The evidences of crystallinity in 
polyesters whose molecular weights lie above 10,000 are somewhat 
more vague, but even these materials furnish sharp x-ray powder 
diffraction patterns. Similar though less sharply defined patterns 
are obtained from a transparent sheet of regenerated cellulose. 
These patterns indicate that part at least of the molecules of such 
materials must be definitely ordered with respect to one another. 
On the other hand, certain linear polymers, e.g., polystyrene, 
can be obtained in the form of white powders which show no 
microscopic or x-ray evidence of crystallinity. In these cases 
apparently the molecules tend to collect into discrete aggregates 
of some kind, but not in a sufficiently orderly fashion to exhibit 
any of the usual properties associated with crystals. 

S. Mechanical properties 

High polymers are very extensively used as structural materials 
in the construction of artifacts. One has only to mention cellu- 
lose, silk, and rubber to indicate the great economic importance 
of these non-chemical uses of organic materials. These uses 
depend upon such properties as mechanical strength, toughness, 
pliability, and elasticity. Such properties are found to a useful 
degree only among polymers of very high molecular weight. 
The synthetic materials of this class that have been most success- 
fully used are three-dimensional polymers such as BakeUte and 
the glyptals. These materials have considerable strength, 
rigidity and toughness, but they are completely amorphous, 
and they are greatly inferior to natural fibers in breaking strength 
and pliability. The breaking strength of a flax fiber (100 kg. per 
sq. mm.) is of the same order as that of a good grade of steel (152). 
The qualities necessary for a useful fiber appear to be associated 
with a very high molecular weight linear polymeric structure and 
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a certain degree of crystallinity or definite order in the arrange- 
ment of the molecules. The relation between molecular structure 
and arrangement and the physical properties of fibers has been 
most clearly recognized and discussed by Meyer and Mark (3). 
In a natural cellulose or silk fiber the long molecular chains 
are arranged in an ordered fashion parallel with the fiber axis. 
This state of affairs is symbolized in figure 2. This arrangement 
provides the maximum possible strength in the direction of the 
fiber axis since the mutual cohesive force of the long chains is 
fully utilized. To rupture the fiber it is necessary to cause the 
chains to slip past one another against this cohesive force as 
indicated in the dotted line. A transparent sheet of regenerated 
cellulose shows (by x-ray patterns) a certain degree of order in 
the arrangement of its molecules, but there is no general orienta- 
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tion. This state of affairs is symbolized in figure 3. This more 
or less random arrangement of ordered molecular aggregates can 
be brought into the more highly ordered state symbolized in figure 
2 merely by the action of mechanical stress. Thus the strength 
of a sheet of Cellophane that initially has approximately the 
same strength in all directions can be so changed, merely by care- 
ful stretching, that its strength along the axis of stretch is in- 
creased several fold (153). At the same time its strength along 
the axis normal to its stretch is considerably diminished. The 
strength of a rayon filament can be increased several fold by the 
action of stress while it is in the spinning bath, and a comparison 
of the x-ray patterns shows a much higher degree of orientation 
along the fiber axis in the filament formed under stress. For a 
rough mechanical analogy of the mechanism of this process one 
may picture a disordered mass of long straws (molecules) coated 
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with a semi-fluid adhesive (cohesive force)* The gradual appli- 
cation of stress to such a mass would finally bring the straws into 
parallel alignment where they would more strongly cohere and 
resist the further action of stress. 

The peculiarities of high polymers are nowhere more strikingly 
exemplified than in this curious ability to accept permanent 
orientations through the action of mechanical stress. The prop- 
erties of simple organic compounds are, generally speaking, 
independent of their physical history; they are completely 
determined by the nature of the molecules. Very large mole- 
cules, however, are not capable of adjusting themselves instantly 
to any changes in physical environment, and the properties of 
a very high molecular weight material may vary over a wide range 
depending upon the physical treatment it has received. 
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INTRODUCTION 

D’Arcy Thompson has said, “When science wishes to speak 
plainly, she uses the language of mathematics.” Without deny- 
ing the truth of this statement, biologists in general have been 
skeptical of the practicability of the application of mathematics 
to the chemistry of the cell. The first attempts to apply the 
theory and practice of thermodynamics to cell phenomena 
met with considerable opposition; proponents of a vitalistic 
philosophy were loud in argument and long in speech with regard 
to the fallaciousness of the application of knowledge gained in 
experimental mechanics and thermochemistry to life processes. 

The researches of Lavoisier and Laplace, Dulong and Depretz, 
Berthelot and Rubner definitely established that the first law of 
thermodynamics — the law of the conservation of energy — was 
fulfilled in the realm of biology as well as physics. The concep- 
tion of the cell as a machine capable of transforming chemical 
energy into work and heat soon followed. But a necessary 
consequence of this conception postulated that the second law — 
the entropy of an isolated reacting system increases, the free 
energy decreases — also was satisfied by the organism. The 
latter was not so easy to demonstrate; many still thought that a 
special form of energy characteristic of protoplasm was concerned 
in the energy transformations of the cell. This “vital energy” 
did not necessarily obey the laws of classical thermodynamics. 
Apparent examples of departure from the second law exhibited 
by colloidal solutions strengthened this view, and it was even 
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proposed that bacteria and other microorganisms might serve as 
“Maxwell demons” in the transfer of energy to a higher potential 
without work being supplied from a source outside the system. 
Because of these and other philosophical implications, the ques- 
tion of the validity of the second law in the realm of biology has 
engaged the attention of numerous writers. For reviews of this 
aspect of the subject the reader is referred to the papers of 
Meyerhof (48), Hober (29), Wachtel (69), Oppenheimer (53) 
and Guye (23). 

The idea that the second law of thermodynamics was of a 
statistical nature and that entropy was a measure of the proba- 
bility of a displaced equilibrium readjusting itself did much to 
elucidate the difficulties attendant on the anomalous behavior of 
microscopic bodies. The statistical nature of the law admits 
exceptions in a small population, but if the numbers approach 
those attained in gas volumes or in bacterial cultures, these 
deviations are eliminated as far as the gross effects are concerned. 
A discussion of the possible limitation of thermodynamical 
treatment of minute particles from the point of view of proba- 
bilities is given by Donnan (17) and Guye (23). 

However certain we may be concerning the validity of the laws 
of thermodynamics in biological processes, the study of the 
energy relations of the cell offers experimental difficulties that to 
date have defied investigations other than those that deal with 
mass changes. As Linhart (41) has pointed out, the biologist in 
presenting his problems to the physical chemist is usually met 
with the statement that “biological processes are so highly com- 
plex that they; are not susceptible to thermodynamic treatment.” 
In a consideration of the cell as a machine operating in an iso- 
thermal manner to perform work, to liberate heat, and to synthe- 
sise substances of high energy content from materials of low 
energy value, it soon becomes obvious that complicated reactions 
occur and these reactions are coupled in a manner that is com- 
pletely absent in the relatively simple, isolated systems usually 
studied in thermochemistry. However discouraging the outlook 
may be, some progress, partly of an experimental and partly of a 
theoretical nature, has been made. 
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The more general aspects of the energetics of the cell have 
been considered in the texts of Meyerhof (48), Oppenheimer (53), 
and Hober (29). Also Kruse (36) devotes part of a chapter of 
his “Allgemeine Mikrobiologie” to a treatment of the energetics 
of microorganisms, and the more recent texts of Buchanan and 
Fulmer (9) and Stephenson (63) discuss certain aspects of this 
field of bacteriology. Bacteria have been conveniently sepa- 
rated into two classes as regards the source of their energy and 
its utilization — the autotrophic and the heterotrophic. The for- 
mer obtain their energy by oxidation of ammonia, nitrites, sulfur, 
etc., and perform true thermodynamical work in the synthesis of 
carbohydrate material from carbon dioxide. The heterotrophs, 
which comprise by far the majority of the known organisms', 
obtain their energy by oxidation or dissimilation of organic mat- 
ter. Because of the relative simplicity of the processes involved 
in the metabolism of the autotrophs, much more attention has 
been given to the energetics of these organisms than has been 
devoted to the energy changes of the more complex decomposi- 
tions brought about by the heterotrophic forms. The energetics 
of the first groiip have been adequately discussed by Meyerhof 
(43), Waksman (70), Buchanan and Fulmer (9), and Baas- 
Becking and Parks (2). This review will deal only with the 
second group, and to some extent with the yeasts, since the metab- 
olism of the latter is very similar to that of many of the bacteria 
considered. 

For convenience, this discussion is divided into three parts: (f) 
the general problem of energetics, which deals with the methods 
of study and with the source and possible utilizations of the 
energy available to the organism; (#) the application of energetics 
to typical fermentation processes; (8) the energetics of nitrogen 
fixation by bacteria. 

I. GENERAL PROBLEM OF ENERGETICS IN BACTERIOLOGY 
Methods used 

Thtirrmchemistry. In the field of bacterial energetics, the pio- 
neer work of Rubner pointed the way in methods as well as in 
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the interpretation of results. In his first studies (57, 59), he 
made use of what might be termed "differential calorimetry” to 
gain an idea of the energy changes taking place in the growth 
of bacteria. The method, laborious and subject to numerous 
errors, was simply the determination of the calorific value of the 
medium before and after growth of bacteria. From the difference 
he calculated the energy necessary for the maintenance of the 
cell. The bacteria were removed by precipitation with iron, and 
the calorific value of the cells was estimated. From these data 


TABLE 1 

Energy changes produced by growth of certain bacteria 
Rubner 


ORGANISM 

INCREASE 

IN 

BACTERIAL 

NITROGEN 

LOSS OF 
ENERGY 
BY 

MEDIUM 

ENERGY VALUE OF 
BACTERIAL CELLS 

ENERGY OF 
MAINTE- 
NANCE PER 
ORAM 
BACTERIAL 
NITROGEN 
PER DAY 

B . pyocyaneus 

B , colt 

| 

1 

S H H 

g 

kiloQTam- 

calories 

24.70 
7.86 
15.58 
18.15 
11.18 
19.69 
IS. 48 

kilogram - 
calories 

6.84 

2.42 

3.26 

4.68 

1.30 

3.35 

1.63 

per cent * 

27.7 

30.8 

20.9 

24.9 
11.6 
17.6 
12.1 

kilogram" 

calories 

15.6 
18.1 

19.4 

34.5 
42.8 

42.7 

60.6 

B . proteus 

2?. thermophilus 

J5. typhosus 

V . choleras 

B. diphtheriae 


* Percentage of energy lost by medium. 


he could estimate the percentage of total energy that "disap- 
peared” which reappeared in the cellular crop. Naturally this 
method was limited to a study of those organisms that did not 
produce gases (other than carbon dioxide) in their metabolism. 
Table 1 taken from his data gives typical results. 

It will be noticed that those organisms which did not grow so 
well had high values for the energy of maintenance and low 
values for the percentage of the total energy changed that ap- 
peared in the orga ni sms. The same medium (6 per cent beef 
extract) was used for all the organisms. It is probable that it 
was not suited to the physiology of some of the bacteria, and as a 
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consequence a higher expenditure of energy per unit weight 
resulted than is actually necessary for the functioning of that 
particular organism. A repetition of the experiment employing 
the medium best suited to the individual organism might show 
entirely different results. 

It is of interest to compare the values obtained for bacteria 
with those of other species investigated by Rubner. The values 
are shown in table 2. Rubner attributed the lower values for 
the more complex organisms to the fact that by reason of their 
organization the liberated energy is used more economically. 


TABLE 2 

Energy of maintenance of various species 
Rubner 


species 

ENERGY OP MAIN- 
TENANCE PER GRAM 
NITROGEN PER PAT 


kilooram-caloriea 

1.0 

3.23 

15.19 

17.4 

0.4-0. 6 
38.77 
15.6-60.6 


Mouse 

Sparrow * 

Cold-blooded animals 


Bacteria, 



Using B. protem as the experimental organism, Rubner (59) 
investigated the influence of temperature, age, and other varia- 
bles on the energy changes. Temperature changes from 14°C. 
to 36°C. made little difference in the total energy change, but 
the rate was somewhat slower at the lower temperature. In the 
earlier stages of the fermentation (1 to 10 days), the total energy 
expended was two to three times larger than that during the later 
stages. Rubner attributed this to the difference of the energy 
requirement of the organism during the growth phase and during 
the “resting” period. 

Tangl (65) also studied bacterial energetics as part of the 
problem of the energetics of ontogenesis, i.e., the energy changes 
coincident with the development of an individual. He used the 
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method of “differential” calorimetry and estimated the energy 
expended in the synthesis of 1 gram of dry bacterial substance. 
The results of one experiment gave the following values: B. 
anthrads, 8.6 kg-eal.; B. suipestifer, 16.5 kg-cal.; B. mbtilis, 12.5 
kg-cal. The potential energy of the nutrients was 4.3 kg-cal. 
per gram and that of the cells 4.5 kg-cal. ; yet in the various reac- 
tions that accompanied the synthesis of 1 gram o‘f cell protoplasm, 
there disappeared from the medium nutrients equivalent to frotan 
8.6 kg-cal. to 16.5 kg-cal. Tangl believed that little of this 
energy was actually used in cell synthesis. 

Calorimetry. Due to the limitation of the differential calori- 
metric method, Rubner (59) developed a technique for following 
energy changes during growth of organisms by measuring the 
actual heat produced. He constructed a “bio-microcalorimeter” 
that would detect energy changes of the order of one to two gram- 
calories and followed the heat production of pure and mixed 
bacterial cultures on a variety of media. With B. coli under 
anaerobic conditions, he found that 68 per cent of the total 
energy expended appeared as heat and with B. proteus only 15 
to 25 per cent. Unfortunately, the data for the total energy used 
were not from the same experiment in which the heat production 
was measured, hence these figures can be regarded only as approxi- 
mate, and are very likely too low. Since Rubner’s work, the 
technique of measuring heat production by means of the calorim- 
eter has been greatly improved and a check on some of his find- 
ings would appear to be desirable. Hill (27) has developed a very 
sensitive differential microcalorimeter in which heat production 
is measured by a thermocouple instead of a Beckmann thermom- 
eter. By the use of this calorimeter, Shearer (62) showed that 
the heat production of B. coli was seven to eight times as great 
in a glucose-peptone broth as in a broth of the tryptic digest of 
casein, and that the heat produced by B. coli in casein digests was 
inversely proportional to the length of digestion. He attributed 
these results to a more economical utilization of energy by B. 
coli in the presence of amino acids. Unfortunately, no data are 
given for the heat production in glucose-tryptic digest of casein 
broth, hence the influence of the glucose on the economy was not 
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determined. Bayne-Jones (3, 4) has recently described a differ- 
ential microcalorimeter of the Hill type especially adapted to 
bacterial fermentations and has studied heat production by B. coli 
and Staph, aureus during the various growth phases. The data 
presented indicated that during the logarithmic growth phase of 
B. coli, the heat production was a linear function of the time. 
As pointed out by Wetzel (72), this suggests that the rate of heat 
production per cell is not constant but diminishes exponentially, 
with time. Further contributions concerned with heat produc- 
tion in other growth phases are necessary before a satisfactory 
interpretation of the significance of this observation can safely be 
made. 

Meyerhof (44) studied heat production of bacteria in compari- 
son with oxygen uptake. The heat produced was measured in a 
microcalorimeter in which 0.01° rise on the Beckmann thermom- 
eter corresponded to 2.5 g-cal. Parallel determinations of the 
oxygen uptake were made on the same culture in a Warburg 
microrespirometer or by Winkler’s titration method. The quo- 
tient P r0 -— e< ^ - was used as a measure of the metabolism, 

mg. Oa consumed 

Meyerhof states this should be 3.2 for protein, 3.4 to 3.5 for 
carbohydrate, and 3.3 for fat. He grew Vibrio Metchnikoff in a 
medium that was not suited to the physiology of the organism, 
and found this quotient to be 3.95 with an error of 10 to 15 per cent. 
In a medium that allowed good growth, this quotient rose in one 
case to 4.1, and in another medium to 4.5. Meyerhof concluded 
that energy-liberating processes other than oxidations took 
place in this organism, since with blood cells, sea urchin eggs, etc., 
the quotient was constant irrespective of whether growth was 
retarded or not. Dissimilation processes, neutralization of acids 
and heat of solution of metabolic products might account for 
some of the excess energy. 

Thermodynamics. Aside from the practical methods for the 
estimation of energy changes of the cell, a method is available 
that is more theoretical in character. This is an application of 
thermodynamics to the cell processes. Although there are obvi- 
ous limitations to this method, and its free use of mathematics 
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discourages many biologists, it offers a tool for investigation that 
should not be disregarded. As long as the proper skepticism is 
maintained toward any data which cannot be directly verified in 
the laboratory, the danger that arises from the use of thermo- 
dynamics or any other theoretical aid is often far outweighed by 
the information given. For example, the judicious use of thermo- 
dynamics will often prove of value in the test of proposed mecha- 
nisms for unknown processes, and while thermodynamics is not 
concerned with any particular mechanism, its use may help to 
decide the most probable one. If a mechanism for a given biologi- 
cal process is known, the use of thermodynamics enables the 
experimenter to gain some idea of the energy available for work 
that arises from the process. For some time these advantages 
have been utilized by bacteriologists in a manner that is inaccu- 
rate and which takes no cognizance of the fact that the concentra- 
tion of the components of a reaction affects the quantity of 
available energy liberated. It is a common practice to determine 
the metabolic products of an organism, to construct equations for 
the chemical changes involved, and, from thermochemical data 
' (heats of combustion and formation), to determine the energy 
“available” to the organism. This procedure is often only a 
rough approximation, as the following discussion will show. 

It is not in the scope of this paper to detail the chemistry and 
mathematics involved in the subject of thermodynamics as 
applied to chemical reactions. For a thorough presentation of 
the subject, Lewis and Randall’s text (38) may be consulted, but 
for the biologist who wishes to avoid the more detailed applica- 
tion, the briefer treatment of the material by Buchanan and 
Fulmer (9) and by Fulmer and Leifson (19) is probably sufficient. 
However, two fundamental equations with their meaning should 
be considered here. In the calculation of energy changes prior 
to the Nemst (51), or the Lewis and Randall systems of thermo- 
dynamics, the criterion of the driving force of a reaction was the 
heat of reaction (—A H). However, these authorities, following 
Gibbs, have shown that the change in free energy (—A F) and 
not tire heat of reaction (—AH’) is the true criterion. Free 
energy is the quantity of energy liberated in a reaction that is 
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available for doing work. —AF may be greater or less than 
—AH depending on the temperature coefficient of the former. 
If this temperature coefficient is negative, the free energy is less 
than the heat of reaction and vice versa. In the former case, the 


is that part of the energy 


energy not available for work T (^p) p j 

that must disappear as heat in order that the reaction may pro- 
ceed. In case —AF is greater than —A H, the excess energy is 
taken from the surroundings as heat and converted into a form 
capable of the performance of work. Hill (28) has emphasized 
the importance of the concept of free energy in biology and has 
discussed a few reactions which are endothermic if the heat of 
reaction is used as a criterion, but which can be used to do work on 
account of the conversion into free energy of heat from the envi- 
ronment. The relations between AF and A H are given by the 
following equations: 


AF = AH -T AS 

or 

where AS is the change in entropy, T is the absolute temperature, 
and is fo® temperature coefficient of free energy at con- 

stant pressure. By reason of certain conventions of signs, a 
reaction is said to occur spontaneously, i.e., with liberation of 
free energy, when A F is negative. It must be recognized that 
—AF as defined above is the maximum energy available for work, 
and the actual work done will depend on the efficiency of the 
process involved. For a strictly reversible system, e.g., a gal- 
vanic cell nicely balanced, an efficiency of 100 per cent is possible, 
but in more practical applications such as the storage battery 
the efficiency is less and part of the free energy disappears as heat. 

A second factor, which is of the utmost importance to the 
biologist, but which is often overlooked, is the change in — AF 
with changes in concentrations, or more accurately with activities 
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of the reactants and resultants. The value of —aF for a particu- 
lar substance given in the literature is usually that for the element 
or compound when present in the standard state. The standard 
state is defined as the state in which the activity of the substance 
is unity. Thus at 25°C. and under 1 atm. pressure solid glucose, 
liquid water, gaseous oxygen and a molal solution of a solute 
(with proper correction for deviations from a perfect solution) 
are in the standard state. If a substance is transferred from its 
standard state to some other state, as by change of temperature, 
pressure, or concentration, energy changes are involved. It, 
follows that if the reactants or resultants of a given reaction are 
present in a state other than the standard, the calculated free 
energy change must be corrected, since the calculation is based on 
the reaction in which each component appears in the standard 
state. The correction is given by the equation 

A F = A F° + RT ln£, 

where A F is the increase in free energy under the conditions 
studied, A F° equals the increase in standard free energy, B is the 
gas constant, T is the absolute temperature, and K is the equilib- 
rium constant of the reaction. An example taken from Burk (11), 
dealing with fixation of nitrogen by legumes, may serve to make 
this clear. 


1/2 N, (g) + 5/4 0, (g) + 1/2 HjO (1) -*H+ + NOr 
- AF°* - 1/2 (0) + 5/4 (0) + 1/2 (+56,560) -* (+26,500) 

- -28,280 + 26,500 - -1780 g-cal. 

* In this paper AF B refers in all cases to A F° at 25°C. 

But if this reaction takes place at the concentrations that are 
likely to exist in the plant (legume), a different result is obtained, 
viz.: HNOj * 0.0001 M., O s =* 0.2 atm., and N* = 0.8 atm. 


.-. K 


( 0 . 0001 )» 
(0.8) l/s (0.2)«A 


8.6 X 10-* 


log K = - 7.07 

— AF - - 1780 + 1365 (- 7.07) = 7870 g-cal. 
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In this case it is observed that owing to change in concentrations 
(and hence activities) the sign of — AF is changed, and whereas 
the reaction would require energy from an outside source if 
each substance is present in its standard state, it will proceed 
spontaneously when the concentrations are changed. 

In conclusion it must be noted that for precise work K must 
be calculated from the activities of the substances involved. 
However, concentrations may be used for this calculation in most 
of the ranges found in biological studies, where because of the 
complexity of the system, activities are often difficult to determine. 

Baron and PoMnyi (5) were among the first workers to apply 
thermodynamics to biological processes. They made use of the 
Nemst heat theorem (51), which is not quite as accurate as the 
more recently developed system of Lewis and Randall. Consider- 
ing animals in which the energy changes were due to the combus- 
tion of protein, fat, or carbohydrate, to the change of carbohy- 
drate into fat, and to the production of work, Baron and Poldnyi 
calculated the free energy changes of these processes and made a 
balance which showed that the change in free energy could be 
positive only when heat is absorbed from the environment. In 
homiotherms the opposite takes place, consequently the total 
metabolism of these species results in a decrease in free energy. 
This means that at least in this case of biological energetics the 
second law of thermodynamics is valid. Experiments with 
poikotherms, e.g., bacteria, show that their total metabolism 
always results in a liberation of heat. Therefore it appears that 
the conclusion of these authors is not limited to homiotherms. 
In the calculations of Baron and Poldnyi, —aA was used instead 
of —AF. The former is the free energy decrease at, constant 
volume and differs from —AF in the same way that —AV differs 
from —AH, viz., the PdV factor is not included. 

U tiMzation of energy 

The results of Rubner and Tangl showed that only 15 to 60 
per cent of the energy that disappeared from a medium in which 
bacteria had grown appeared in the cells. Since the work of these 
investigators, similar results have been obtained for a large 
number of organisms, soxdS’of which are given in table 3. 



438 


P. W. WILSON AND W. H. PETEBSON 


These figures indicate that during the synthesis of 1 gram of 
bacterial substance (the equivalent of 4.5 kg-cal.), there is 
liberated from two to over one hundred and twenty times this 
quantity of energy. The question naturally arises — of what use 
is this energy to the bacteria? A few possible expenditures will 
be taken up in an effort to account for the energy which is appar- 
ently at the disposal of the organism. 

Energy of synthesis. The compounds synthesized by bacteria 
and built into their cells include many types found in both plants 
and animals (9). Carbohydrates of various types have been 
isolated — polysaccharides, gums, and capsular substances, as well 


TABLE 8 

Energy of medium transformed into bacterial cells 


ORGANISM 

MEDIUM 

PBRCBNTAGffl 
OP ENERGY 
CHANGE 
RBPRBSBNTBB 
BY BACTERIA 

B. pyocyaneus 

Asparagin 
Peptone-milk 
Urine + urea 
Whey + lactose 
and peptone 
Alcohol 

19,0 

Lactic acid bacteria 

46.0 

Micros, ureae liquefaciens 

0.8-32.0 

Bac. aerogenes 

6.5-30.0 

Acetic acid bacteria 

0.75 

Yeast 

Wort 

Glucose 

Mannitol 

22.0-43.0 

48.0 

5.0-11.0 

Mannitol formers , 

Azotobacter. 



as reserve materials such as glycogen and granulose. Patty 
materials of even greater variety and complexity are known to 
occur in bacterial cells. These include free fatty acids, glycerides, 
waxes, sterols, and phosphatides. Simple proteins, as albumin 
and globulin, have been obtained from bacteria, but the major 
protein constituents are apparently conjugated proteins such as 
nucleoproteins. 

It is obvious that little can be done toward deciding the ques- 
tion as to 'the energy requirements for synthesis unless we con- 
sider specific reactions. For example, the synthesis of bacterial 
protoplasm from a mixture of amino acids and polypeptides, 
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such as beef extract, can be done with much less expenditure of 
energy than is necessary if the building material consists of 
glucose and nitrates and other salts. In the latter case energy 
is required to reduce the nitrate to ammonia and to combine this 
with decomposition products of glucose to form the various amino 
acids required for the proteins of the organism. This necessary 
energy is furnished by an oxidation of part of the glucose, as will 
be discussed in detail later. Beebe and Buxton (6) have shown 
that B. pyocyaneus can synthesize fat on a sugar-free peptone 
broth, the synthesis of fat from carbohydrates by yeast has long 
been known, and the work of Lieben (39, 40) and his associates 
demonstrated that yeast could form carbohydrate material from 
alcohol, lactic acid and pyruvic acid. A single amino acid can 
serve as the sole source of carbon and nitrogen for some bacteria, 
and syntheses of protein from glucose and nitrate, ammonia, or 
even free nitrogen are not uncommon. An examination of the 
energy changes involved in these interconversions might be of 
value in estimating what the energy requirements for synthe- 
sis are. 

The synthesis of a fatty acid from a carbohydrate necessitates 
a reduction which requires energy. Tor example, butyric acid, 
formed by the reduction of glucose, would yield on complete 
oxidation 508.2 kg-cal. of free energy, while that given by glucose 
of an equivalent carbon content (2/3 mole) would be 457.3 kg-cal. 
The difference, —50.9 kg-cal., represents —A F for the synthesis 
of 1 mole of butyric acid from 2/3 mole of glucose; the negative 
sign denotes that energy must be supplied in order that the syn- 
thesis might take place. This energy requirement can be arrived 
at by a consideration of schematic equations which illustrate the 
reduction. While the following equations are not intended to 
represent the actual mechanism of the transformations, they 
serve as a convenient means of presenting the energy relations 
involved. 

(X) Synthesis of butyric acid. 

2 HjO — * 2 + 0* 

; - 41 r « - 113.1 kg-cal. 
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2/3 CsHijOj + 2 H* -* OaHjCOOH + 2H,0 
— A F° = 62.2 kg-cal. 

1/3 CeHiaO, + 2 0* -» 2 CO* + 2 H,0 
— AF° ■= 228.6 kg-cal. 


OHuO, + Oa -* C,H 7 COOH + 2 C0 2 + 2 H,0 

- AF° = 177.1 kg-oal. 

The sum of the decrease in free energy of the first two reactions, 
resulting in the formation of butyric acid, is -50.9 kg-cal. as 
already noted. This energy could be supplied by the simultane- 
ous oxidation of glucose as in the third reaction. The excess of 
energy liberated in the complete reaction would be available for 
other energy-requiring processes or could be liberated as heat. 
In the foregoing equations, it was assumed that oxygen or other 
hydrogen acceptors are present that can oxidize any hydrogen 
liberated. If the hydrogen appears as the free element, the net 
free energy released by the final complete equation would be 
less by 56.56n kg-cal. where n equals the number of moles of 
hydrogen set free in the process. 

(2) Synthesis of palmitic acid. The synthesis of palmitic 
acid requires 490 kg-cal. of free energy, as indicated by the fol- 
lowing equations: 

14H*0 — * 14 H, + 7 0, 

- AF° - - 791.8 kg-oal. 

8/3 CjHnOj + 14 H, — * CuHjiCOOH +. 14 H,0 

- AF° m 301.8 kg-oal. 

4/3 CgHiiOa + 7 Os — »■ 8 CO a + 6 H s O + 2 H, 

— AF° ■» 801.4 kg-cal. 

4 — > CijHjiCOOH ■+• 8 CO* + 6 Hrf) + 2 H* 

- aF° m 311,4 kg-cal. 
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If the synthesis is carried out in the presence of oxygen or other 
hydrogen acceptors, the liberated hydrogen may be oxidized to 
water and the net decrease in free energy will be greater by 113.1 
kg-cal. 

(3) Synthesis of amino acids. The energy transfers that 
accompany the formation of an amino acid from a carbohydrate 
may liberate or require energy depending upon the individual 
amino acid, the source of nitrogen, and whether or not free 
hydrogen is disengaged in the reaction. If the amino acid is 
relatively simple and ammonia nitrogen is available, there is a 
release of energy. 2 

Synthesis of alanine 
1/2 C«HiA CH s COCOOH + H a 
— AH *=* — 11.4 kg-cal. 

CH*COCOOH + NH* + + OH" CH,CHNH a COOH + H a O + 1/2 (O*) 

— A H = — 22.6 kg-cal. 

H a + 1/2 0* H a O 

— AH » 68*4 kg-cal. 


1/2 CflHiaO* + NH 4 + + OH” CH 8 CHNH 2 COOH + 2 HaO 
— AH ** 34,4 kg-cal. 

However, energy is required for the synthesis of a higher amino 
acid, even though the source of nitrogen is already reduced, e.g., 
ammonia nitrogen. For example, leucine requires 97.5 kg-cal. 
per mole for its formation from glucose and ammonia. This 
energy can be furnished by the combustion of glucose, as illus- 
trated with the fatty acids. 

Synthesis of leucine 
6 H*0 — > 6 Ha -I" 3 Oa 
— AH « ~ 410.3 kg-cal. 


* In the calculation of the energy changes coincident with the formation of 
amino acids, it was necessary to use —AH as a measure of the changes taking 
place since free energy data oh the amino acids are not available. This measure 
is to be regarded as a more or less close approximation of the more exact ~AF, 
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2 CtHiaO* + 6 H» + 2 NH«+ + 2 OH- -> 2(CH,),CHCH,CHNH,COOH + 10 H,0 

— AH m 216.2 kg-cal. 

1/2 CjHisOn + 3 0, — ► 3 COj + 3 HjO 
— A H “ 337.0 kg-cal. 

2-1/2 C«H u O s + 2 NH 4 + + 2 0 Hr -+ 2(CH,),CHCH,CHNH,COOH + 7 H,0 + 3 00, 

— AH m 141.9 kg-cal. 

If the source of nitrogen used by the organism is in the form of a 
nitrate, energy must be expended to reduce this to ammonia 
nitrogen. In this case the formation of an amino acid as simple 
as alanine requires 65.9 kg-cal. of energy, which can be supplied 
by the oxidation of a carbohydrate. 

H+ + NO,- + 2 H,0 -» NH,+ + 0H~ + 2 (O,) 

— AH =■ — 100.3 kg-cal. 

1/2 C„HuO, -)- NH,+ + OH- -> CH,CHNH,COOH +2H,0 
— AH = 34.4 kg-cal. 

1/2 CgHnOg + 3 O, -» 3 CO, + 3 H,0 
- AH - 337.0 kg-cal. 


CJSaO, + H+ + NO,- + O, -»• CH,OHNH,COOH + 3 H,0 + 3 CO, 

— AH m 271.1 kg-cal. 

There is a third way by which the needed ammonia might be 
obtained for the synthesis of amino acids, i.e., the hydrolysis of 
other amino acids. If an organism is grown in a mixture of amino 
acids (as beef broth, peptone) the energy value of which is very 
near that of the cell, the assumption is often made that no energy 
is required to convert the constituents of the medium into cell 
protoplasm. This is not necessarily the case, since it is more 
likely that the organism changes the substrate into other forms 
before using it for synthetic purposes. However, the energy 
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changes are not of a large order of magnitude since hydrolyses 
predominate among the reactions. 

CH, CHNHjCOOH + H + + H a O -+ CH 8 CHOHCOOH + NH<+ 

— AH ** —9.4 kg-cal. 

From a consideration of these reactions it is apparent that 
energy is necessary to synthesize fat from carbohydrates, and 
that amino acids may be formed from carbohydrate with or 
without expenditure of energy depending upon the source of 
nitrogen, complexity of the acid, and the availability of oxygen 
or of hydrogen acceptors. Conversely, the production of carbo- 
hydrate from fats would liberate energy, etc. If the proper amino 
acids, fatty acids, and simple sugars are available, the steps to 
convert these into protein, esters, and polysaccharides involve 
little or no energy changes (26, 66). 

Experimental data that would help to solve the problem of the 
energy expenditure for syntheses are sadly lacking. Lundin (42) , 
Meyerhof (47), and others have shown that yeast in the presence 
of oxygen can convert alcohol and lactic acid into glycogen and 
an “unhydrolyzable” carbohydrate and that these syntheses 
apparently take place exothermically. Attempts have been 
made to calculate the energy required for synthesis from the 
difference between the heat liberated in fermentations by grow- 
ing and non-growing cells, but the data are too few to draw defi- 
nite conclusions. From Rubner’s (61) data on the heat of 
fermentation of sucrose by proliferating and non-proliferating 
yeast cells, it appears that only 4,1 per cent of the energy liberated 
in the fermentation is stored in the cells. The data of Brown 
(8) on fermentation of maltose show, however, that 8.8 per cent 
less heat is liberated by growing than by non-growing yeast cells. 
In all of these experiments, the substrate used was equivalent to 
a mixture of amino acids (peptone, beer-wort). Additional 
experiments of a similar nature with bacteria, in which the 
substrate is varied, are necessary before a definite answer can be 
given to the question of how much energy is required for synthetic 
purposes. Especially, desirable for this purpose are accurate 
data from experiments in which the bacteria synthesize their 
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protoplasm from simple organic carbon sources as glucose and an 
inorganic nitrogen source, e.g., ammonia or nitrate nitrogen. 

In the foregoing discussion of the energy required for growth 
it should be pointed out that two types of energy efficiency have 
been considered. In the theoretical equations, the free energy 
available to the organism as shown by the energy balances is the 
maximum useful work given by the reaction, and the efficiency 
of its use by the organism will depend on the reversibility of the 
reaction involved, i.e., the presence or absence of simultaneous, 
irreversible, frictional processes .that lead to dissipation, ordi- 
narily as heat, of part of the free energy liberated. However, 
the data given are concerned with the efficiency of total processes, 
i.e., the percentage of the maximum total energy available that 
can be accounted for by the organism in the synthesis of body 
matter etc. Due to the irreversibility and hence heat losses 
attendant on these syntheses, the efficiency indicated by the 
data is fairly low. Burk (11a) has stressed the importance of 
this distinction of efficiency in a recent paper dealing with a proof 
of the validity of the second law in a biological process. He 
emphasizes the point that in a study of the efficiency of a given 
reaction from a point of view of the energy relations, it is often 
desirable, where possible, to separate and to correct for any 
simultaneous, irrelevant processes whose high degree of irre- 
versibility leads to a low value for the observed efficiency. In 
every process studied, two types of efficiency are present which 
he has termed "machine efficiency” and "second law efficiency.” 
“Machine efficiency” is defined as the total work done in the 
process (chemical or otherwise) divided by the total free energy 
dissipated by the organism in carrying out all of its life processes. 
The data in table 3 dealing with the percentage recovery, as 
bacterial dry matter, of the total energy that disappears from 
the medium, are examples of "machine efficiency.” “Second 
law efficiency” is defined as the total work done divided by the 
free energy dissipated solely in the reaction studied. Unfortu- 
nately it is not always possible to calculate the second law effi- 
ciency because of inability to separate the energy relations of the 
process being studied from those of other simultaneous processes. 
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Burk, however, has been able to make a complete energy balance 
sheet for the autotrophic hydrogen oxidizer, B. pycnoticus. He 
showed that: (1) the “machine efficiency” of this organism varies 
widely with change in experimental conditions and has an aver- 
age of 28.4 per cent; (0) if proper correction is made for extraneous 
irreversible processes, the efficiency of the coupled reactions in- 
volving the oxidation of hydrogen and the reduction of carbon 
dioxide by this organism is practically perfect (i.e., about 100 per 
cent) in its reversibility and independent of physiological experi- 
mental conditions. In some other processes considered (including 
autotrophic methane oxidation, heterotrophic nitrate reduction, 
photosynthesis of carbon dioxide, muscle contraction) it was not 
possible to secure evidence for 100 per cent efficiency, presumably 
due to the lack of sufficient or reliable data to make the necessary 
corrections. 

Burk, however, suggests another possibility that would explain 
the observed lower efficiency in certain cases, depending on what 
was termed the “biochemical reversibility principle,” a principle 
which stands in relation to the second law of thermodynamics as 
the second law does to the first law, viz,, as conditioning the 
convertibility of energy from one form to another. The coupled 
reaction for the heterotrophic reduction of nitrate can be written: 

H+ + HNO« + HjO -► NH*+ + 2 Os - AF - -68.0 kg-cal. 

X O, + X CH,0 - X H.0 + X CO, - AF - 115.0 X kg-cal. 

With perfect reversibility (100 per cent efficiency) X would equal 
Ms m 0.59. However, the experimental results indicate that X 
equals 2.0, which is the number of moles oxygen liberated in the 
energy-requiring process (corresponding to a “second law effi- 
ciency” of about 32 per cent). Similarly with the oxidation of 
hydrogen and reduction of carbon dioxide, the energy relations 
indicated that X should equal 0.97, which was also that demanded 
by the stoichiometry of the energy-requiring equation, viz: 

CO, + 0,93 HjO > - (CjH.m * ijO«) + —— O, . 

O A 
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In this case, as already noted, the observed “second law efficiency" 
was 100 per cent. These two cases suggest that the maximum 
“second law efficiency" to be expected in isolated coupled reac- 
tions is determined not only by the energy relations of the two 
reactions but also by the stoichiometry of the reactions. This 
means that the amount of the energy-yielding reaction that takes 
place is determined not solely by the free energy demanded by 
the energy-requiring process, but also by the stoichiometry of this 
latter process. Quoting Burk, “Expressed in more strictly chemi- 
cal terms, all the incidental compound produced in the free energy- 
requiring reaction (in the above particular cases, oxygen) must, by 
virtue of the mechanism chosen by the organism, be consumed in 
the free energy-yielding reaction." Although these two reactions 
are the only ones with sufficient data to test this principle, its 
implications should be kept in mind as a possible explanation of 
apparent “wastefulness" of free energy by microorganisms. It is 
hoped that eventually some of the processes of heterotrophic 
organisms can be investigated in greater detail by this isolation 
principle proposed by Burk, and that definite information will 
replace the present rough approximation that reversibility in 
heterotrophic organisms is between 0 and 50 per cent. 

Energy of motion. At first thought one might expect that much 
of the energy available to the organisms would be used in their 
motion. Indeed, Rubner attributed differences in energy of 
maintenance of growing compared with non-proliferating cells to 
be due to the difference in motility. Calculations, however, 
indicate that the energy expended in moving is infinitesimal in 
comparison with that usually available. Angerer (1) has calcu- 
lated this by an indirect method; by means of Stokes’ law, he 
estimated the rate at which an organism would fall in a me- 
dium. The force responsible for this fall is that of gravity (981 
dynes = 1 gram). By a comparison of the rate of fall under 
gravity and the rate of motion, he estimated the force necessary 
to move the bacteria. The authors have made a direct calcula- 
tion by use of a formula in hydrodynamics (37) that gives the 
force necessary to propel an ellipsoid of the prolate spheroid type, 
a form that many bacteria approach in their morphology, through 
a medium of known viscosity. 
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F ■= 6 a - p RV 



Xo •= 



2 ab s 

Va* - 6* n 


“a + Va* - 6*1 , , 

when o = 


ao «■ a&c 



d X 

(a* + X) A 


2a&® 


r* 


vV 


V (a 4 - 6 1 2 )« L a — Va* - & 2 




when 6 


where jtt equals viscosity of liquid; V equals velocity of motion; 
a, b, c equal semi-axes; and R equals effective radius defined in 
terms of a, b, c, Xo and a 0 ; Xa an d « 0 are defined 8 in terms of the 
definite integrals in which A = V(a* + \) (&® -f- X) (c® •+- X). 

Table 4 gives a comparison of the data found by the two 
methods. The authors’ calculations were based on the assump- 
tion that the bacteria are prolate spheroids with a density equal 
to 1.055. Although the agreement between the two methods of 
calculation is not absolute, the results are of the same order of 
magnitude and indicate that the energy expended for movement 
by bacteria is only an extremely small portion of that transformed. 
If the average energy of maintenance is regarded as about 20 kg- 
cal. per gram of bacterial nitrogen per day, and if the nitrogen 
content of the wet cells is taken as approximately 2.5 per cent, 
the energy of maintenance will be about 500 g-cal. per gram of 
wet bacteria per day. Of this, less than 0.5 g-cal. are used for 

1 It should be noted that a 0 and Xo are not functions of X which is merely an 
integration parameter* Thus it is not necessary to give physical significance to 

& y* s* 

X. If, however, one writes " 2 ^ ^ ^ 4* JJTIpx "* ^ then for given values 

(so, yo } so) of x, y, and z r this equation is a cubic in X whose three roots are defined 
as the ellipsoidal coordinates of the point xq, y q, zq. 



448 


P. W. WILSON AND W. H. PETERSON 


motion by the sluggish organisms and 1 to 2 g-cal. by the more 
speedy types. In these calculations it is assumed that the means 
of locomotion are 100 per cent efficient. This probably is not the 
case, but even with an efficiency of only 10 per cent the energy 


TABLE i 

Energy required for movement by different bacteria 


ORGANISM 

VELOCITY 

1 

FORCE 

WORK DONE mift 
GRAM BACTERIA 
PER DAY 

Angerer 

Authors 

Angerer 

Authors 

V \ cholerae (2.0/* X 0.4*0 

B. typhosus (2.1^ X 0.7/*) 

B. subtilis (2.1/* X 1.0/*) 

centimeter 
per second 

0.003 

.0.0018 

0.001 

grams 

X10U 

8.6 

5 A* 
3.0 

grams 

xiou 

2.06 

1.70 

1.18 

gram- 

calories 

1.63 

0.22* 

0,03 

1 


*This figure was recalculated from Angerer’s data, as his calculation contained 
a numerical error. 


TABLE 5 

Relationship between oxygen consumption and motility of bacteria 

Wohlfeil 


ORGANISM 

MOTILITY 

OXYGEN CON- 
SUMPTION PER 
MOOR PER 10“ 
ORGANISMS 



w. X10> 

Experiment 1: 



Bac . dysenteriae (Shiga) 


6.80 

Bac. enteritidis (G&rtner), 

db 

e.74 

B . coli commune , 

sfe 

8.41 

Bac . typhosus . , * 

+ 

8.44 

Bac, paratyphosus B 

+++ 

9.10 

B . faecaUs atcaligenes . 1 

++++ 

11.64 

Experiment 2—B. coli commune: 



Strain 1 


6.40 

Strain 2 


4.06 

Strain 3 


3.87 

Strain 4 

i 

3.36 


expended in motion is an inconsiderable share of the total 
available. 

Offinterest in this connection are data published recently by 
Wohlfeil (73), who measured the oxygen consumption of bacteria 
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which are closely related but which exhibit varying degrees of 
motility. His data are summarized in table 5. 

From the data of the second experiment in which four strains 
of B. coli were used, Wohlfeil decided that the oxygen consump- 
tion is fairly constant among members of the same species, 
therefore the difference noted among the organisms of experiment 
1 constituted real and not apparent differences. He assumed that 
the difference noted in the oxygen uptake by Bact. dysenteriae and 
Bac. typhosus is due to the motility of the latter with a consequent 
higher energy requirement. He converted the difference into 
gram-calories by use of the relationship 1 cc. 0* = 4.67 g-cal., 
and thus calculated the energy required for motion by Bac. 
typhosus to be 2.15 X 10- 19 g-cal. per second per bacterium. He 
noted that this result agrees remarkably well with the figure 
calculated by Angerer for the energy requirements of this organ- 
ism for motion, viz., 2.80 X 10 -l9 g-cal. per second. Unfortu- 
nately there is an error in the calculation of Angerer for this 
organism. The correct value for Jae energy requirements for 
motion by Bac. typhosus calculated&ccording to Angerer’s method 
is 23.0 x 10“ 19 g-cal. per second per bacterium. Calculated, 
according to the formula given on page 447 this is reduced to 7.2 
X 10“ 19 g-cal. per second per bacterium. However, the differ- 
ence between the experimental value of Wohlfeil and these calcu- 
lated values may be due to the fact that .not all of the organisms 
are in motion, as is assumed in the calculations. Wohlfeil 
mentions that random fields of Bac. typhosus showed only one 
out of five or even one out of ten of the organisms in motion. 

A more severe criticism of Wohlfeil’s data is that of the statisti- 
cian. The mean of the four strains of B. coli is 4.7 X 10“ 7 cc. 
oxygen per hour per 10 9 bacteria. The standard deviation of the 
individual values is 0.754 X 10 - 7 or about 18 per cent of the mean. 
While it would be highly desirable to have more than four samples 
for the calculation of these statistics, the data available suggest 
that differences from the mean of 36 per cent or less (twice the 
standard deviation) may well arise from chance. Bac. typhosus 
had an oxygen consumption only 24 per cent higher than that 
observed for Bac. dysenteriae. In view of the variations noted 
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among the strains of B. coli, this difference cannot be considered 
significant as it stands. The variation among the strains of B. 
coli might have arisen from differences in motion by these strains 
since Wohlfeil reports their motility as ±, i.e., they are only 
partly motile. In spite of these objections, the data of Wohlfeil 
are not without value; it appears that there is a high positive 
correlation between motility and oxygen consumption. Further 
work, in which a number of strains of each species are used in 
order to control the individual differences, might yield extremely 
interesting and more conclusive results. 

Energy for increase of surface. When the question of the energy 
expended in increasing the surface of bacteria during growth is 
considered, the lack of data on the interfacial tension between the 
cells and the medium requires the use of indirect methods that may 
or may not yield valid conclusions. A bacterium 2 /j in length and 
l/i in diameter, considered as a cylinder, would have a surface of 
7.85 X 10 _! sq. cm. and a volume of 1.57 X 10" 1S cc. Thus 
it would require 6.2 X 10 11 wet bacteria to weigh 1 gram (density 
= 1.055). This 1 gram of bacteria would have a surface equal 
to 4.88 X 10 4 sq. cm. Since 1 calorie = 4.182 X 10 7 ergs, the 
work of adhesion between the cell and the medium (disregarding 
the small amount of surface present in the inoculum) would have 

to be - 857 ergs per sq. cm. in order to use 1 g-cal. 

4.88 X 10 4 

equivalent of energy in the production of the surface of 1 gram of 
bacteria of the above dimensions. In like manner, the work of 
adhesion necessary to produce the surface represented by 1 gram 
of wet bacteria of the dimensions 1.0m by 0.5/i would be 441 ergs 
per sq. cm. if 1 g-cal. equivalent of energy were used in the process. 
These values are much higher than those found by Harkins (25) 
for the work of adhesion between organic liquids and water. 
Tang! (65) reports that the total energy expended in the produc- 
tion of 1 gram of bacteria is 2000 to 4000 g-cal., consequently on 
the basis of the foregoing data, it appears that the work done in 
increasing the surface must be small in comparison with this 
total. It should not be overlooked that the work of adhesion 
. between the cell membrane-medium interface might be markedly 
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different from the organic liquid-water interfaces studied by 
Harkins. However, there is Borne indirect evidence in support of 
the view that the interfacial tension between the cell and the 
medium is rather low. Davis (16) found that the effect of various 
cations on the size of oil drops (oleic acid) in water paralleled 
their effect on the growth of B. coli. He suggests that the surface 
tension of bacteria is essentially that of a water-oil interface. 
If this is true, then it can be concluded that only a fraction of a 
g-cal. is necessary to increase the (external) surface of 1 gram of 
bacteria (in contrast to the several thousand calories available). 
Support of this low value for the interfacial tension between bac- 
terium and water is offered by the work of Mudd and Mudd (49). 
These workers studied the behavior of bacteria in water-oil 
interfaces. Their data suggest that most bacteria act as a semi- 
solid gel with polar groups oriented in the surface so that the 
interfacial tension between the cell and water is rather low. Acid- 
fast organisms, however, have a smaller interfacial tension toward 
the oil phase than toward water. The calculations of the surface 
formed in the production of 1 gram of bacteria involved the 
assumption that this surface was smooth. If the cell membrane is 
sponge-like in character, as is a silica gel, then the surface area 
would be greatly increased. In spite of these assumptions, it 
seems likely that the work done in the production of the external 
surface of bacteria uses only a small part of the total energy 
available. 

Other expenditures of energy. From the foregoing discussion, 
it must be concluded that the available information concerning 
the manner of expenditure of energy by the cell is of a rather 
negative character. It appears that only a small part of the 
energy that is transformed can be accounted for; the remainder 
of the energy finally appears as heat, but it is not known whether 
this heat arises directly from the chemical energy liberated or is 
the result of work done by it. Warburg (71) has determined the 

quotient . ^ one ■ ; for a number of cells, and has 

maximal work available 

found that except in the case of the active muscle this quotient 
was extremely small. He attributes this to the fact that work 
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is being done that is not apparent. Examples of this type of 
work would be : retention of phase boundaries, creation of internal 
surfaces, prevention of diffusion, and osmotic work done in trans- 
portation of substances from a region of low concentration to a 
region of higher. Nathanson (50) has suggested that bioelectric 
potentials originate in cells due to differences in concentration 
of ions on either side of a membrane or through selective adsorp- 
tion. This potential is then capable of decomposing water, and 
by immediate depolarization a supply of nascent oxygen is main- 
tained for cellular oxidation. This electric force is also the means 
of supplying the energy for secretion and adsorption. If this 
hypothesis is correct, then part of the energy unaccounted for is 
used in the production and maintenance of unequal concentrations 
on either side of the membrane in order to produce the necessary 
potential. In this connection it must be remembered that the 
change of free energy of all processes at the equilibrium point is 
zero. All the reactions taking place in the cell are moving toward 
equilibrium, hence work must be done continually to keep these 
equilibrium points from being reached so that the metabolic 
processes can continue. 

Giaja (21) has reported that the "fundamental biologic energy” 
of yeast — that is, the energy necessary to maintain the cells when 
no external work is done — is much smaller than that liberated 
by yeast in the presence of sugar. He regards the energy liber- 
ated when non-proliferating cells are placed in sugar solutions 
as due to uncontrolled activity of the enzymes present in the cell. 
A purpose for this apparent excess liberation of energy was sug- 
gested by Brown (8). He found that yeast required only 2.2 
hours to ferment its own weight of maltose, and calculated that 
the metabolism of yeast must be about seventy times that of 
man. If the heat liberated by the yeast in its metabolism were 
not dissipated into the surrounding medium, the temperature of 
the cell would be raised 75.5°C. per hour at 30°C. Brown attrib- 
uted this large heat liberation to the fact that in the natural 
habitat of the organism the heat losses are so great that such 
liberation of heat is required to keep the cell at the optimum 
temperature. When the yeast is placed in the artificial environ- 
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meat of the laboratory medium, this excess energy is no longer 
needed, but is liberated because of the lack of control of the cell 
over its enzymatic activities. 

These conclusions are based on the assumption that the cell 
liberates its heat under strictly adiabatic conditions. However, 
unless the organism is fairly well insulated, it appears that even the 
high rate of heat production noted by Brown would be insufficient 
to maintain its temperature much above that of the surrounding 
soil, fruit, or other natural substrate. An approximation of the 
rate of heat production necessary to keep a colony of yeast cells 
at a temperature higher than that of its environment can be made 
by the following formula (30). In the application the colony of 
yeast is considered as a sphere surrounded by a spherical coating 
of soil. 

j 4 r ft (Ti - Tj) n r» 
n — ra 

E = rate of heat production in gram-calories per second 
necessary to produce a temperature difference 
between surfaces of the two spheres, 
fa — heat conductivity of soil (dry soil = 0.00033), 
n *s radius in centimeters of outer sphere (soil + colony), 
r* =* radius in centimeters of inner sphere (colony), 

Ti ~ Ta difference in temperature of the surfaces of the inner 
and outer spheres. 

Table 6 gives a summary of calculations made for colonies of 
various radii surrounded by a layer of soil of different thicknesses. 

These figures show that only large colonies with thick layers 
of insulation are able to maintain a temperature above that of 
the environment. Small colonies, because of the large surface 
per unit volume, are unable to retain the heat liberated in the 
metabolism of the cells. The formula shows that for a given 
insulating substance of heat conductivity k, the rate of heat 
production necessary to keep the temperature of the surface of the 
inner sphere 1°C. higher than that of the outer sphere approaches 
a minimum equal to 4jrfcfj as rr is increased. The calculations . 
show that for a colony i nun. in radius the potential difference in 
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temperature increases from 0.04°C. to 0.19°C. as the layer of soil 
is increased from 0.25 mm. to 99.0 mm. Also the temperature 
difference changes very little with further increase in the thick- 
ness of the soil layer. It follows that within certain limits (from 
two to ten times the radius of the inner sphere) it makes little 
difference as to what is assumed for the thickness of the soil layer. 
In the above calculations the figure for the heat conductivity of 
dry soil is used; in a moist soil the conductivity would be higher 


TABLE S 

Potential temperature differences between environment and yeast colonies of 

varying size 


RADIUS OF COLONY 

(rt) 

RADIUS OF COLONY 

AND son* (n) 

RATS OF BRAT PRODUCTION 

TEMPERATURE 

DIPFBRMNCB 

Required for 
difference of 1°C. 

Available* 

millimeter e 


gram-calories per 
second X 10* 

gram*calorie8 per 
second X 10 4 

°<7. 

1 


20.75 

0.786 

0.04 

1 

■ 

8.30 

0.786 

0.10 

1 


5.20 

0.786 

0.15 

1 

100.0 

4.20 

0.786 

0.19 

5 

10.0 

41.50 

98.20 

2.36 

5 

100.0 

21.90 

98.20 

4.48 

10 

20.0 

83.0 

786.0 

9.46 

10 

100.0 

43.7 

786.0 

18.00 


* Calculated on the assumption that yeast ferments its own weight of maltose 
in 2.2 hours. 


and the potential rise in temperature of the colony correspond- 
ingly smaller. In a well-insulated environment or with large 
masses of cells the rate of heat production by microorganisms is 
sufficiently high to cause a rise in temperature in the immediate 
vicinity, as is noted in the biological heating of manure. How- 
ever, it appears unlikely that microorganisms in general in their 
natural habitats produce heat at a rate sufficient to maintain an 
optimum temperature above that of their surroundings. 

II. THE APPLICATION OF ENERGETICS TO FERMENTATIVE PROCESSES 

Alcoholic fermentation 

The energetics of this fermentation have been more completely 
investigated than any other because of its industrial importance. 
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Rubner (58, 59) studied the total heat produced, the heat pro- 
duced by the action of zymase and invertase and determined the 
influence of alcohol, nitrogen nutrition, and other factors on the 
energy changes. He found that the heat liberated by zymase 
was only a small part of the total liberated, and used this as an 
argument for the theory that most of the fermentation resulted 
from cells per se. A carbon balance indicated that 1 gram of 
sucrose should liberate about 159.4 g-cal., 4 whereas that actually 
measured in the calorimeter was 149.9 g-cal. per gram of sucrose. 
The calculated value for glucose was 147.6 g-cal. 4 per gram and 
the measured value was 133.3 g-cal. per gram. The concentra- 
tion of sugar and of yeast did not affect these values but only the 


TABLE 7 

Heat production by different species 
Rubner 


SPECIES 

BEAT PRODUCTION 
PER DAT PER KILO 
WEIGHT 

HEAT PRODUCTION 
PER DAT PER 
SQUARE METER 07 
BOOT SURFACE 

Man 

kifograrn-calarie* 

30,0 

45.9 

2X0.0 

1163 (30°C.) 
1173 (33 # C.) 

kilogram^mlarUs 

1042 

1039 

1039 

Doer , 

Mouse. . 

Yeast , 

0.84-1.2 

Yeast. 




rate of heat production; the presence of alcohol resulted in a 
decrease of the total heat production. Table 7 gives a comparison 
of the heat produced by different species, although Rubner 
pointed out that little agreement should be expected between 
species with different physiological and anatomical charac- 
teristics. 

Fulmer and Leifson (19) have made a noteworthy contribution 
to the study of the free energy changes occurriing in the formation 
of alcohol from sucrose. These authors also outlined in detail 
the methods suitable for calculation of the change in —A F with 
changes in concentrations of the reactants and resultants and 


4 Calculated from more recent thermal data. 
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stressed tlie importance of considering these energy changes when 
dealing with biological transformations. 

From the equation 

CuH»O u (s) + HaO (1) — *• 4 CO, (g) + 4 CaH.OH (1) 

- A F° - 116.6 kg-cal. 

they calculated the change in —A F when 0.3 mole of sucrose is 
fermented for various initial concentrations of sucrose and ethyl 
alcohol and for a constant pressure of 0.0003 atm. of carbon 
dioxide (air). The data in table 8 are taken from their paper. 

These data show that the maximum difference between the free 
energy decrease for concentrations of sucrose, ethyl alcohol, and 

TABLE 8 

Average values of (A F — A F°) * per mole of sucrose fermented when — A M * ■ 0.3 mole 

Fulmer and Leifson 

I INITIAL CONCENTRATION OF ETHYL ALCOHOL 


INITIAL CONCENTRATION 


OF SUCROSE 

2.1 X 10 nM 

2.1 X 10-*M 

2.1 X 10-iAT 

m 

kilogram-calories 

kilogram-calories 

kilogram-calorics 

1.00 

—27.42 

-24.65 

-23.02 

0.70 

-26.52 

-23.75 

-22.61 

0.50 

-24.95 

-23.30 

-22.08 


* — A F ** decrease in free energy under conditions indicated in table* 

— A F° ** decrease in free energy in standard states ■* 110,6 kilogram- 
calories. 

t M m molality* 

carbon dioxide likely to be present in a fermentation and the 
-AF° (standard states) is about 27 kg-cal., or an increase of 23 
per cent. The authors conclude, “Considering .... the fact 
that the equation assumed for the fermentation does not represent 
accurately the products formed by biological action, the correc- 
tions from the standard state in this case are not of relatively 
great importance. However, it is worth while, in each instance, 
in the use of free energy changes of biological processes to analyze 
the situation along the lines presented above.” 

Lactie add fermentation 

Rubner (60) studied the heat produced by this fermentation 
both in pure culture and in the spontaneous souring of milk. 









ENERGETICS OP HETEROTROPHIC BACTERIA 


457 


Experiments made on the souring of milk showed that only 25 to 
45 per cent of the observed heat production could be accounted 
for by the theoretical equation for the decomposition of lactose 
into lactic acid. Using sterilized milk inoculated with an “organ- 
ism producing dextro-lactic acid” he found only 23 per cent of the 
observed heat could be accounted for by the acid produced. He 
suggests that other vital processes yielding heat caused these 
discrepancies, and believes that for this reason heat production is 
a better method for comparing the metabolism of these organisms 
than is lactic acid production. 

Acetone-butyl alcohol fermentation 

A study of the mechanism of this fermentation made in this 
laboratory (31) has indicated certain theoretical equations for 
the break-down of carbohydrates into the solvents and acids 
formed in the fermentation. From data on the fermentation of 
glucose it was found that the concentrations of acetic and butyric 
acids varied so little from the tenth to the thirty-second hour that 
the concentrations may be treated as constant during this period. 
Also 40 per cent of the glucose disappeared during this time, so 
that the free energy changes of this period may be taken as fairly 
representative of the entire fermentation. The free energy 
equations for the production of the acids showed that the change 
in the glucose concentration did not materially affect the total 
decrease in free energy, hence the average value of the glucose 
was used to calculate the free energy changes involved in the 
formation of solvents. In the following equations each fermenta- 
tion product is referred to an individual molecule of glucose for 
purposes of calculation. In the actual fermentation these prod- 
ucts arise undoubtedly from a common intermediate compound 
rather than each from a discrete glucose molecule. 

Acetic acid 

CjHijOs {jjjjj 2lfJ + 2 HjO (l)-»2 CHjCOOH (0.035M) + 2 CO» (0.65 atm.) 4 

4 Hs (0.35 atm.) 

. - AF - {-jJ'J kg-cal., - AF ~ - 17.5 kg-cal. 



458 


P. W. WILSON AND W. H. PETERSON 


Butyric acid 

C»HijO« | J JJ® itf} -♦ CjHrCOOH (O.OlSAf) + 2 CO, (0.65 atm.) + 2 H, (0.35 atm.) 

- AF - jjj*® kg-cal., - AH - 17.2 kg-cal. 

Acetone 

C«Hi,0« (0.087 Af) + H s O (1) CH.COCH, 3fj + 3 CO, (0.65 atm.) + 

4 H a (0.35 atm.) 

- aF - 4 kg-cal., — AH = -26.4 kg-cal. 

Butyl alcohol 

CeHisO« (0.087 M) - CJE.OH M j + 2 CO, (0.65 atm.) + H,0 (1) 

-A F - jjjj kg-cal., - Aff - 35.0 kg-cal. 

Ethyl alcohol 

C«HisO« (0.087 M)-*2 C,H t OH [qow^} + 2C0 » (0.65 atm.) 

- AF - kg-cal., - AH - 18.1 kg-cal. 

From these data it was calculated that from the tenth to the 
thirty-second hour 0.055 moles of glucose were decomposed with 
a free energy decrease of 3.34 kg-cal., or —AF = 60.8 kg-cal. 
per mole of glucose fermented. Since the standard free energy 
of the complete oxidation of glucose is —685.8 kg-cal. per mole, 
it is seen that the anaerobic decomposition by this organism liber- 
ates less than one-tenth pf the “potential” free energy. The 
production of acetic acid and acetone from glucose are examples of 
reactions in which -AF and -AH have opposite signs. 

Of interest is the consideration of two of the proposed steps in 
the mechanism. Acetone is thought to be formed from acetio. 
acid. As can be seen from the following equation, this reaction 
has a positive AF, hence energy from another reaction would be 
necessary to cause it to take place. This necessary energy 
could be obtained from that liberated in the formation of the 
acetic acid from glucose. 

2 CH.COOH (0.035 M) -» CH,COCH, mJ + CO, (0.65 atm.) + H,0 6) 

— AF = kg-cal., — A H ■» —9.0 kg-cal. 
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The reduction of butyric acid to butyl alcohol may require 
nascent hydrogen. Using the figure given by Lewis for the stand- 
ard free energy of atomic hydrogen, it appears that the produc- 
tion of butyl alcohol also involves a coupled reaction. 

C«Hi 2 O t -f CjHjCOOH + 2 CO» + 4 (H) 

- A F° = —88.9 kg-eal. 

C«H 7 OOOH + 4 (H) -*■ CJIjOH + H,0 

- A F° - 169.0 kg-oal. 

The first reaction, which requires large quantities of energy 
to cause it to take place, could obtain this energy from that liber- 
ated in the second reaction. In all of these reactions, it is 
assumed that the concentrations of the reactants and resultants 
are identical with those of the circumambient liquid. This 
condition in all probability does not obtain, since the cell appar- 
ently alters the concentrations at its active surfaces by performing 
osmotic work. If the concentrations are changed, the free 
energy liberated likewise will be changed. However, until more 
definite information is available, calculations of this nature must 
serve as first approximations of the free energy change. 

Other bacterial fermentations 

As pointed out in Part I, if the products of a fermentation are 
accurately determined, it is possible by an application of thermo- 
dynamical data to calculate the heat of reaction and free energy 
liberated as a result of the fermentation. The energetics of a 
number of fermentations given in the literature have been calcu- 
lated by this method. In choosing the data two criteria have 
been used: 00 the carbon of the products must equal at least 95 
per cent of the carbon of the carbohydrate decomposed; (2) the 
oxidation reactions must balance the reduction reactions at least 
to within 5 per cent. If the original data fulfilled these conditions 
they were then adjusted so that the oxidations and reductions 
were exactly equal: this was most conveniently, done by correct- 
ing the carbon dioxide or hydrogen figure. After this adjust- 
ment, a carbon balance was made by correcting the figure for the 
carbohydrate fermented so that its carbon was equal to that 
present in the products. This corrected figure was then com- 
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pared with the original “carbohydrate fermented" and, if it was 
within 5 per cent of the latter, the data were judged to be suffi- 
ciently accurate for our purpose, These adjustments are neces- 
sary since small differences in carbon or oxidation-reduction 
balances will cause a large difference in the calculated value of the 
energy liberated. Finally the water that took part in the reac- 
tion was calculated by making an oxygen or hydrogen balance, 
and the entire data were put on the basis of 1000 millimoles (1 
mole) of carbohydrate fermented in order to facilitate subsequent 
calculations. 

In calculating the standard free energy of the reaction, it was 
necessary to estimate the free energy of formation of propionic 
acid, 2,3-butylene glycol, and arabinose, since these data have 
not been determined. The value for propionic acid was taken 
to be the average of those for butyric and acetic acids, since 
Parks and Kelley (54) have shown that the introduction of a 
CH S group in a homologous series causes little change in the value 
of the free energy of formation. The values for the other com- 
pounds were calculated by the “atomic entropy" method of 
Paris and. Kelley as described by Burk (12). Dr. Kelley kindly 
furnished us with constants based on specific heat measurements 
of a number of organic compounds down to a temperature of 
15°K. These constants are not the same as those given by 
Burk since the latter are based on earlier, less accurate measure- 
ments. It was also necessary to calculate the heat of combustion 
of 2,3-butylene glycol. This was done by the method of Kha- 
rasch (32). 

As an example of the use of these methods the calculations for 
2,3-butylene glycol are given in detail. 

(1). The heat of combustion of an organic compound. Kha- 
rasch has conceived the oxidation of organic compounds as a 
process in which energy is released when electrons are displaced 
from orbits occupied in the methane type of molecules to orbits 
characteristic of the carbon dioxide type. This change liberates 
energy equal to 26.05 kg-cal. per electron per mole. In the case 
of molecules that have substituted groups, the orbits are already 
partially displaced; hence it is necessary to apply a correction 
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factor to the general formula, Q = 26.05 X N, where Q = heat of 
combustion in kg-cal., and N = number of electrons displaced per 
mole. These correction factors have been worked out by Kha- 
rasch and his collaborators, who have shown that the calculated 
values of the heats of combustion are accurate to within 1 per cent 
of the experimentally determined values. 

From the structural formula of 2,3-butylene glycol the number 
of electrons displaced is deterinined (33). 


H 

i 

H 

| 

H 

i 

H 

i 

l 

H - C 

1 

- C 

1 

- C 

i 

- C - H 

1 

+ 

+ 

1 

H 

OH 

OH 

H 


Each hydrogen is positive, hence would be connected with a 
minus sign to carbon. Carbon to carbon is considered as one 
negative bond; The oxygens are negative, therefore the connec- 
tion to carbon is positive. The total number of electrons dis- 
placed is the sum of the negative bonds (11) times 2. Kharasch 
gives the following formula for a polyhydroxy alcohol, 

Q - 26.05 X N ,+ 13 j + 6.5 k + 3.5 l, 

where j equals the number of primary alcohol groups, k equals the 
number of secondary alcohol groups, and l equals the tertiary 
alcohol groups. In the case of 2,3-butylene glycol, N equals 
22, j and l equal 0, and k equals 2. Therefore, 

Q - 26.05 X 22 + 2 X 6.5 
»* 586.X kg-cal. 

The heat of formation is calculated from the formula, 

- AH • - Q + 94.38 C + 68.38 S, 

■ > 

where Q equals the heat of combustion of the compound, C equals 
the number of carbon atoms in the compound, and H equals 
the number of hydrogen moles in the compound. Therefore, 

-A H - -586.1 + 94.38 X (4) + 68.38 X (5) 

’ ;«■ 133.8 kg-cal. 
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(#). The free energy of formation of an organic compound. In 
order to calculate the free energy of formation it is necessary 
to know the entropy at 25°C. This can be calculated from the 
structural formula in a manner similar to the calculation of molec- 
ular refraction, volume, etc. The necessary constants were 
furnished to the authors by Dr. Kelley, who states "For the liquid, 
aliphatic, saturated alcohols (including polyalcohols), acids and 
ketones, the following values for 298°K. satisfactorily reproduce 
the entropies of all the compounds on which we have data: 

H— (+10.6); — C— (-13.6); — 0— (+2.0); =0 (+21.2) 


For each secondary hydroxyl group three units should be sub" 
tracted from the value calculated from these constants (based on 
one result). These constants have little theoretical meaning, but 
are obtained empirically by solving simultaneous composition 
equations. Consequently, I believe you can strengthen your 
case by obtaining the values you desire by comparison, when 
possible, with similar compounds which have been studied.”* 

This last statement can be illustrated by the calculation used 
for solid arabinose. Glucose has an entropy value of 50.5 units 
at 25°C. The data on solid ethylene glycol and glycerol when 
compared with the figures for erythritol, mannitol, and dulcitol 
indicate that each CHOH group (in the solid state) is equivalent 
to 6 or 7 units. Hence the entropy of arabinose was calculated 
by subtracting 6.5 units from that of glucose; from the value 
obtained (44.0 b.u.) the free energy of formation of solid arabinose 
can be calculated. The atomic entropy of 2,3-butylene glycol 
was calculated: 

4 X (—13,6) m —64.4 for 4 carbon atoms 
10 X ( 10.6) *** 106.0 for 10 hydrogen atoms 
2X ( 2.0) ® 4.0 for 2 oxygen atoms 

2X(-3.0)~ -6.0 fo r 2 CHOH groups 
» 49.6 a. if. 


* Private communication to the authors. 
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This value may be somewhat in error since the correction for the 
secondary hydroxyl group is based on only one case, viz., the 
difference between propyl and isopropyl alcohol. From this 
value for the entropy of 2,3-butylene glycol, the decrease of 
entropy when this compound is formed from the elements can be 
calculated if the entropies of the elements are available. Parks, 
Kelley, and Huffman (55) give the following values for the entro- 
pies of the necessary elements: C equals 1.3 E.xr. per gram- 
atom; H equals 14.8 ; 8 and 0 equals 24.5. For CHj (CHOH)g- 
CHs the calculation is : 


4 X 1.3 - 5.2 

10 X 14.8 - 148.0 
2 X 24.5 - 49.0 
Sum of entropies of elements « 202.2 
Entropy of 2,3-butylene glycol = 49.6 
— AjSs 98 of formation *= 152.6 e.tj. 

From the relationship A F == A H — TaS the free energy of forma- 
tion is readily obtained. 

AF° at8 - -133.3 + 298 X 0.1526 
«■ — 87.8 kg-oal. 

These calculated values are probably correct to within 2 to 3 
per cent. The data for the heats of combustion for the other 
compounds are those given in the International Critical Tables 
and by Kharasch; the —aF° values are those of Parks, Kelley, 
and Hoffman (55). 

* The value for hydrogen that is now accepted is that of Giauque (J. Am. 
Chem. Soc. 52 , 4816 (1930)), who reports that this value should be 31.23 units per 
mole instead of 2 X 14.8 as formerly used. However, since the free energy values 
of all the other compounds considered in this paper are based on the old value for 
hydrogen, it was decided to use 14.8 per atom in the calculation of the free energy 
of formation of 2,3-butylene glycol. In any case the effect of changing the en- 
tropy of hydrogen will affect only those reactions in which elemental hydrogen 
enters as a reactant or resultant. Moreover, the revision necessary for the free 
energy values of organic compounds, in light of the new value for the entropy of 
hydrogen, will be of too small an order to affect calculations presented in this 
paper. Thus, in the case of glucose, the change is less than 1 per cent and would 
be much the same for similar organic compounds. 
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The results are given in tables 9, 10, 11, 12, and 13. Table 9 
shows the details of the method used in the calculations of energy 
balances of two fermentations. In the remaining tables only 
the summaries are given. B. lactis a&rogmes (table 10) liberates 
very little heat — 3.1 to 5.4 kg-cal. in the fermentation of glycerol — 
but the maximum free energy available for use is higher. The 


TABLE 9 

Detailed cdleulatione of energy balances of two fermentations 


SUBSTRATE AND ORGANISM 

B. COli ON GLYCEROL 

B. COli ON GLUCOSE 


■ 

— a jar x 



— a .fir x 

-A F* 

FERMENTATION BALANCE 


mole 

X mole 


mole 

X mole 


Wm 

fraction 

fraction 


fraction 

fraction 


milli - 

kilogram - 

kilogram - 

milli - 

kilogram - 

kilogram - 


moles 

calories 

calories 

moles 

calories 

calories 

Compound fermented 

1000 

—159.7 

-115.7 




Products formed: 







Formic acid. 

125 


10.65 

163 

16.30 

13.89 

Acetic acid 

90 


8.59 

480 

55.92 

45.79 

Lactic acid... 

128 

BsijR! 

16.15 

916 

148.65 

115.60 

Succinic acid 

31 

6.99 

5.60 

87 

19.59 

15.70 

Ethyl alcohol 

688 

45.31 

29.72 

536 

35.32 

23.16 

2,3-Butylene glycol 

99 

13.20 

8.70 


— 


Hydrogen 

313 

— 

— 

596 

— 

— 

Carbon dioxide 

415 

39.17 

39.12 

709 

66.91 

66.83 

Water 

346 

23.66 

19.57 

-336 

-22.98 

-19.00 

S - AH products X mole frac- 







tion of each 


172.1 


* 

319.7 


— A H of fermentation per mole 







substrate 


12.4 



17.2 


2 - A P° products X mole frac- 







tion of each 



138.1 



262.0 

— A F° of fermentation of 1 







mole of substrate 



22.4 



43.0 


data for B, coli in the same table indicate that, while the heats of 
reaction in the decomposition of glycerol and of glucose are much 
the same, the free energy liberated is much greater in the fermen- 
tation of glucose. This is due to qualitative and quantitative 
differences in the products formed. No definite conclusions cbxi 
be reached as to the constancy of this difference since it may be 
only a question of variation in strains. However, fomentations 
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of glycerol by two strains of B. coli, one reported by Harden and 
Norris in 1912, the other by Braack in 1929, give similar results 
for the energy exchange. 

Table 11 presents a study of the energetics of different strains 
of the propionic acid bacteria on glucose. The data for strains 4, 

TABLE 10 

Energy balance of coli-aerogenes bacteria 



kilogram* kilogram* kilogram* kilogram - kilogram ■ 
calories calories calories calories calories 

— A JET of substrate fermented +159.7 +159,7 +159.7 +159.7 +302.5 

2 — AH products X mole fraction of 

each,.., 105.1 102,8 168.3 172.1 319.7 

— A B of fermentation per mole 

substrate. 5,4 3.1 8.6 12.4 17.2 

— A F* of substrate fermented 115.71 115.71 115.71 115.71 219.0 

2 ~ A F° products X mole fraction 

of each, 136.9 136.2 135.8 138.1 262.0 

— A of fermentation per mole 

substrate 21.2 20.5 20.1 22.4 43.0 

* 99 millimoles of 2,3-butylene glycol formed in this fermentation, 
t This water reacts with the glucose to form the products. 


14, and 12 are taken from the paper by Foote, Fred, and Peterson 
(18), while those for the other two come from the work of Van 
Neil (67). In spite of differences in the relative distribution of 
the acids formed by the various strains, the energy liberated is 
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practically the same in all cases. The values of ~A25T and — AF° 
for this fermentation are much higher than those of any of the 
others studied. 

The data given in table 12 were collected in an effort to ascer- 
tain the differences in the energy liberated by the metabolism of 
the same organism on a number of carbohydrates. The species 


TABLE 11 

Energy balance of the fermentation of glucose by the propionic acid formers 


PBOPXONXC ACID PQBMEBS 

STRAIN 4 

STBAIN 14 

STRAIN 12* 

STBAIN 0 

STBAIN 22 

REFERENCED. 

(18) 

(18) 

(18) 

(67) 

(67) 


Glucose fermented 

Products formed: 

Acetic acid 

Propionic acid 

Succinic acid 

Carbon dioxide 

Water 

millimoles 

1000 

676 

1015 

310 

353 

672 

millimoles 

1000 I 

! 

717 

1170 

134 

518 

654 


millimoles 

1000 j 

539 
1295 
112 
591 
. 702 

millimoles 

1000 

651 

1256 

87 

584 

670 

— A H of glucose fermented 

2 — A H products X mole fraction of 
each * 

kilogram^ 

calories 

302.5 

350.8 

48.3 

219.0 

288.5 

69.5 

kilogram - 
colories 

302.5 

349.1 

46.6 

219.0 

290.0 

71.0 

kilogram" 

calories 

302.5 

347,9 

45.4 

219.0 

290.6 

71.6 

kilogram- 
<s alaritt 

302.5 

348.6 

46.1 

219.0 

290.4 

71.4 

kilogram* 
e abries 

302.5 

348.5 

46.0 

219.0 

290.4 

71.4 

— A E of fermentation per mole 
glucose. 

— A P° of glucose fermented 

2 — A products X mole fraction 
of each 

— A F* of fermentation per mole 
glucose 



* 17 moles lactic acid formed in this fermentation. 


chosen was Lactobacillus pmtoaceticus — the so-called mannitol 
former. It is to be noticed that the energy liberated in the fer- 
mentation of glucose is practically the same as that set free from 
galactose, but the fermentation of fructose, in which mannitol is 
formed by reduction of the sugar, results in a large decrease in the 
energy liberated. The fermentation of maltose gives an energy 
yield very similar to that of glucose. The energy liberated in the 
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sucrose fermentation is between that of glucose and fructose, as 
is to be expected. 

Table 13 gives the results of a similar study, using the industrial 
acetone-butyl alcohol organism, Cl. acetobutylicum. These data, 
like those in table 12, show that as the source of carbon is varied, 


TABLE 12 

Energy balance of the fermentation of sugars by the mannitol formers 


REFERENCE. . , 

(64) 

(64) 

(20) 


(68) 


CARBOHYDRATE, 

GLUCOSE 

GALACTOSES 

FRUCTOSB 

maltose* 

SUCROSE 

Total fermented 

Products formed: 

Acetic acid 

Lactic acid 

Succinic acid. 

Ethyl alcohol 

Mannitol 

Carbon dioxide 

Water 

millimoles 

1000 

99 

916 

1018 

1018 

millimoles 

1000 

49 

873 

1095 

1095 

millimoles 

1000 

401 

309 

657 
328 
— 328f 

millimoles 

1000 

314 

642 

9 

934 

1017 
— 83f 

millimoles 

1000 

187 

689 

15 

670 

230 

778 

-106t 

— A E of carbohydrate fermented, . . . 
2 — A JET products X mole fraction 
of each 


kilogram- 

calories 

302.5 

323.0 

20.6 

219.0 

265.4 

46.4 

kilogram- 

oaloriea 

302.5 

314.4 

11.9 

219.0 

238.2 

19.2 

kilogram- 

calories 

302.5 

322.6 

20.1 

219,0 

264.8 

45.8 

kilogram- 

calories 

302.5 

320.6 

. 18.1 
219.0 

255.9 

36.9 

— A H of fermentation per mole 

carbohydrate 

— A of carbohydrate fermented 
2 — A F° products X mole fraction 

of each 

— A of fermentation per mole 

carbohydrate 


* 175 moles glycerol formed in this fermentation. 

t This water reacts with the sugar to form the products. The maltose was 
calculated as glucose; the suorose as 50 millimoles of glucose + 50 millimoles of 
fructose. 

with resulting changes in the products, the energy liberated also 
shows variations. . . 

It is apparent from the data just discussed that fear different 
fermentations —A B per mole sugar fermented varies from about 5 
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kg-cal. or less, to as high as 50 kg-cal., while —AF° ranges from 20 
to 70 kg-cal. It would appear that either the needs of organisms 
for energy are much different or that an excess is produced in a 
large number of cases. No definite conclusion can be drawn in 
regard to this point since the crop of bacteria for the individual 
fermentations was not determined. Only by a comparison of the 
energy available per unit organism could the minimum require- 


TABLE 13 

Energy balance of CL acetobutylicum on carbohydrate* (31) 


CABBOHTDRATB 

GLUCOSB 

MANNITOL 

ABABIN08B 


millimoles 

millimoles 

millimoles 

Total fermented J 

1000 

1000 

1000 

Products formed: 




Acetic acid 

100 

275 

220 

Butyric acid 

12 

153 

3 

Acetone 

313 

78 

394 

Ethyl alcohol 

288 

60 

247 

Butyl alcohol 

489 

604 

293 

Carbon dioxide 

2282 

2070 

1702 

Hydrogen 

1382 

2140 

946 

Water * 

122 

263 

216 


kilogram* 

calories 

kiloQram- 

calories 

kilogram* 

calories 

— A H of substrate fermented 

302.5 

317.9 

253.8 

2 — A H products X mole fraction of 




each 

314.5 

322.8 

265.5 

— A H of fermentation per mole substrate 

12,0 

4.9 

11.7 

— A F* of substrate fermented 

219.0 

226.1 

184.4 

2 - A F* products X mole fraction of 




each 

277,8 

282. 5 

231'.7 

— A F° of fermentation per mole substrate 

58.8 

56.4 

47.3 


ments for bacterial activity be ascertained. A second point 
noticed in these data is that ~aF° is two to three lames as large 
as —AiT. This means that the organisms may have more energy 
available for work than is indicated by the heat of reaction. This 
additional energy would come from the environment. It must be 
emphasized that this does not mean that the organisms them- 
selves possess the ability to convert heat into chemical energy, 
but only that the reactions taking place by reason of the activity 
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of the bacteria can proceed in a manner that will convert heat 
into free energy. Whether this actually occurs or not ’will depend 
upon the degree of reversibility of the system — the calculated 
values are the maximum free energy available and do not tell us 
how much of this is actually available. It is of interest to note 
that Burk (12) reports a similar finding for the lactic acid-glycogen 
system in the muscle. 

in. THE ENERGETICS OF NITROGEN FIXATION BY BACTERIA 
Nitrogen fixation by Azotobacter 

The energy changes in the fixation of atmospheric nitrogen by 
bacteria have been the subject of much controversy. No doubt 
this is due to the lack of knowledge regarding the mechanism of 
the fixation as well as the contradictory nature of the data in 
regard to the carbon: nitrogen ratio. However, in the case of 
fixation of nitrogen by Azotobacter there is sufficient information 
available to hazard an estimate of the efficiency of this organism 
in its synthetic activity. Kostytschew (35) and his coworkers 
claim that Azotobacter fixes atmospheric nitrogen by reduction, 
i.e., ammonia is the first product formed, and offer some experi- 
mental evidence for this view. Linhart (41) calculated the 
efficiency of the organism to be about 1 per cent. He assumed 
that ammonium hydroxide was formed from nitrogen and water, 
but does not give the equation for its formation. The reaction 
is usually written, 

1/2 N, + 5/2 HsO -> NH<OH(aq.) + 8/4 0„ 

a synthesis that is very unlikely sincq — A F° ■* —78.5 kg-cal. 
Calculations show that with an equilibrium concentration of 
10“* moles of NH« + and OH - and a partial pressure of 0.2 atm. 
of Os a fugacity (pressure) of about 10 45 atm. of nitrogen would be 
required. A second criticism is the fact that he used standard 
free energy values for all the reactions, a condition that obviously 
does not exist in the sphere of influence of the organism. Finally, 
the data used for the C : N ratio is misleading. While for practi- 
cal purposes it may be considered that the energy used for nitro- 
geh fixation is only about ! per cent of that liberated in the com- 
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bustion of the carbohydrate, still this is not the problem with 
which we are concerned. There is no doubt but that a large 
amount of the energy that is set free by the organism in the burn- 
ing of the carbon source is used for purposes other than nitrogen 
fixation. Energy for the latter must be differentiated from that 
used in cell maintenance, growth, work, etc. The work of Ome- 
liansky (52), Koch and Seydel (34) and others indicate that in 
young cultures the C:N ratio is greatly decreased. Koch and 
Seydel in one series of experiments secured an average of 75 mg. 
nitrogen fixed per gram of carbohydrate used. If we consider 
only the energy that is involved in the fixation of nitrogen, it 
follows that under optimum conditions, the efficiency of Azoto- 
bacter is probably much higher than 1 per cent and very likely 
compares favorably with that of the autotrophic organisms. The 
work of Meyerhof and Burk (46) confirms this. By an applica- 
tion of thermodynamics to the probable reactions that take 
place in the fixation of nitrogen by Azotobacter, it was shown 
that 4.81 moles nitrogen shduld be fixed per mole of sugar used 

and that cc ‘ should have a maximal value of 0.915. 

cc. Os used 

Meyerhof and Burk studied the consumption of oxygen and the 
fixation of nitrogen by 24 to 48 hour cultures of Azotobacter over 
periods of 6 to 12 hours by the use of micro methods. With 
normal oxygen tension (0.21 atm.) the efficiency ratio (cc. N* 
fixed/cc. O, used) was found to be only 0.0025 to 0.008. However, 
with a change in the gas pressures, especially that of the oxygen, 
they found that this efficiency ratio could be increased to as high 
as 0. 10. It appeared that the lower the oxygen tension, the higher 
is the efficiency, although the absolute amount of nitrogen fixed 
was markedly decreased if the oxygen tension was 0,01 atm. 
(5 per cent of normal) or lower. With an oxygen tension of 0.05 
atm. (25 per cent of normal) the absolute fixation was increased 
two- to six-fold and an efficiency of 0.01 to 0.02 was obtained. 
These results indicate that under optimum conditions the “ma- 
chine efficiency” of the organism with regard to nitrogen fixation 
varies from 2.5 to 10 per cent. 

Burk (13, 14) has recently published results of further studies 
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on the relationship of the pressure of oxygen and nitrogen to the 
efficiency of nitrogen fixation by Azotobacter. He found that in 
an atmosphere containing 20 per cent oxygen, it was necessary 
to have at least 6 per cent nitrogen in' order that fixation mig ht, 
take place. Up to 0:5 atm. (50 per cent) of nitrogen, the rate of 
growth (or fixation) was approximately directly proportional to 
the pressure of this gas. The maximum fixation occurred at 5 
to 10 atm. of nitrogen. The presence of humic acid markedly 
increased the rate and efficiency 1 of fixation and decreased the 
limiting nitrogen pressure to less than 1 per cent (0.01 atm.). 
If ammonia nitrogen were added in order to prevent the assimila- 
tion of elemental nitrogen, the stimulative action was still evident. 
Therefore, Burk concluded that the direct effect of humic acid 
was on the growth metabolism of the bacteria and not on the 
fixation. The efficiency of the fixation as measured by mg. 
nitrogen fixed/mg. glucose consumed was increased from 0.25 
per cent to 0.72 per cent when the initial glucose concentration 
was decreased from 10 per cent to 1 per cent. Burk also used the 
ratios (1) K = count increase/total count respiration rate 
increase/initial respiration rate, and (2) cell number increase/ 
respiration due to growth, as measures of the efficiency of the 
organism. With these criteria, he found a marked increase in 
efficiency as the pressure of oxygen was lowered below 0.05 atm. 
However, this increase with the lower pressures was independent 
of nitrogen fixation. Under all conditions, the efficiency of 
growth (or efficiency of fixation) was decidedly increased with an 
increase in the rate of growth (or rate of fixation). As a result 
of these findings, Burk concludes that: (1) the oxygen pressure 
functions of Azotobacter, with respect to growth, growth effi- 
ciency, respiration and humic acid, have nothing to do with the 
actual process of fixation; (2) the nitrogen pressure affects solely 
the fixation and not the general growth metabolism of the 
organism. 

Burk (lib) in a discussion of the energetics of nitrogen fixa- 
tion by Azotobacter concludes from these studies on growth and 
fixation efficiency thatprobably the first product of fixation occurs 
in a reaction requiring little, if any, energy. He points out that 
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if Azotobacter is grown in free or fixed nitrogen under conditions 
in which the rates of growth are equal, equal quantities of energy 
(supplied by the oxidation of glucose) are required to produce 
equal dry weights of the organisms. This means that the 
efficiencies of growth in free and fixed nitrogen are equal, and 
therefore, the energy consumption required for the overall process 
of fixation from nitrogen gas to ammonia (as distinguished from 
simply the first step) is small, or zero as far as the experiments 
are capable of deciding. Moreover under optimum conditions 
for efficient growth and fixation (very low oxygen tension, etc.) 
1 gram of sugar will suffice to fix 0.1 gram of nitrogen and produce 
1 gram of dry weight of growth. Since most aerobic organisms 
require 2 to 10 grams of carbohydrate to produce 1 gram of dry 
weight, it would appear likely that this 1 gram of sugar used by 
Azotobacter is required solely for growth purposes and practically 
none is used in the fixation. All the experiments showed that 
when Azotobacter is grown in air, its respiration is such that much 
more energy is available than is aotually required for growth and 
maintenance, but none of this excess energy can be charged to 
nitrogen fixation since the surplus occurs whether or not nitrogen 
is being fixed. Burk shows in addition that the first step in the 
fixation concerns a compound that is in equilibrium with the 
nitrogen of the air. This key compound is formed instantane- 
ously from free nitrogen as rapidly as it is used in growth, as the 
concentration present at all times is approximately proportional 
to the pressure of nitrogen up to 0.5 atm. Hence its formation is 
represented by an equilibrium reaction with high reversibility, 
which means that the free energy involved in its formation is 
substantially zero. The formation of this compound (without 
expenditure of energy) is fixation in the strictest sense of the term. 
Subsequent conversions of this initial or key compound into the 
Azotobacter cell might involve free energy clmngfta that sure 
irreversible and hence require some energy, but this possibility 
is presumably ruled out by the data presented earlier in the 
paragraph. 

From a consideration of the foregoing discussed papers, it 
appears that the value assigned for the efficiency of Azotobacter 
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in the fixation of free nitrogen depends to a great extent upon 
experimental conditions and, of course, upon the definition of 
efficiency employed. In view of this variability, it appears to be 
the better part of valor to avoid a definite statement as to the 
efficiency of nitrogen fixation in nature by this organism. On the 
other hand, the progress made toward a solution of this problem 
by Meyerhof, Burk and their collaborators, makes it appear 
hopeful that the answer will be available in the near future. 

Nitrogen fixation by Cl. pasteurianum 

Little work has been done on the energetics of the fixation of 
nitrogen by the anaerobic species Cl. pasteurianum. This fixa- 
tion is usually considered as one of very low efficiency, since the 
average value of nitrogen fixed per gram of carbohydrate used is 
1 to 2 mg. However, aside from the question of what proportion 
of this energy is used in the actual fixation, the fact that the 
carbohydrate is only partially degraded must not be forgotten. 
For example, if glucose is broken down by this organism according 
to the equation, 

CeHisOs -* 2 CO* + CJStCOOH + 2 H, 

— AF* m 04,5 kg-cal, 

—A F° is less than one-tenth the corresponding value for the 
complete combustion of glucose to carbon dioxide and water 
brought about by the aerobic species Azotobacter (+686.8 
kg-cal.). Neglecting, in the above reaction, the changes in 
—aF incident to change of concentration of the resultants and 
reactant, it may be readily seen that Cl. pasteurianum is as 
efficient, if not more so, in its utilization of available energy than 
is Azotobacter. The apparent inefficiency is due to the compari- 
son of the nitrogen fixed to the carbohydrate that disappears, 
which ignores the butyric acid with its high energy content 
fanned in the metabolism of this anaerobic organism. However 
it is by no means certain that the aerobic and anaerobic nitrogen 
fixers employ the same mechanism for the fixation. Because of the 
large quantities of hydrogen that are liberated in the destruction 
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of carbohydrate by anaerobic organisms of the Clostridium type, 
it seems probable that the fixation would take place thus: 

1/2 N, (g) + 3/2 H, (g) - NH, (aq.) 

— &P a “ + 6.3 kg-cal. 

If this reaction occurs in the cell, the value of —A F would be 
changed according to the activities (concentrations) of the various 
substances concerned. On the basis of this equation Buchanan 
and Fulmer (10) have calculated the molality of the ammonia in 
equili b rium with 0.8 atm. of nitrogen and varying partial pres- 
sures of hydrogen. At a pressure of 10 atm. hydrogen (the 
partial pressure of hydrogen in the air according to Burk (11)) 
the equilibrium concentration of ammonia would be 3.69 X 10-* 
M, Since the reaction takes place in the liquid phase, the fixed 
nitrogen would appear as ionized NH 4 OH. In this case the pH 
of the cell would affect the equilibrium concentration of the 
NH« + . At neutrality, with a pressure of 0.8 atm. of nitrogen 
and 10 -4 atm. of hydrogen, the NH 4 + could reach a concentration 
of 11.9 X 10~ l M before the sign of the free energy change becomes 
positive. Theequilibrium concentration increases tenfold for each 
unit change in toward the acid side and decreases tenfold for 
each unit change in pH toward the alkaline side. From these 
data it appears possible that the fixation of nitrogen by the 
anaerobic species may be exothermic. The energy derived from 
the utilization of carbohydrate is used for purposes other than 
nitrogen fixation. 

Nitrogen fixation by Rhizobhm 

The study of the energetics of nitrogen fixation is even more 
restricted by lack of suitable and reliable data in the case of the 
symbiotic forms of bacteria, than it is in that of the free-living 
forms — Azotobacter and Clostridium. Since it has not been 
conclusively demonstrated that the nodule bacteria can fix nitro- 
gen independent of the plant, the employment , of experimental 
data gained in the few cases in which nitrogen was reported fixed 
in pure culture would be of doubtful value. In addition, the 
mechanism of fixation is by ho means established. Studies of 
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nitrogen fixation in connection with the plant are complicated 
by the carbon and nitrogen metabolism of the latter, so that 
suitable technique has not been developed that would make 
possible a differentiation of energy used by the organism and that 
by the plant. If we reason by analogy that the fixation is similar 
to that of Azotobacter and the efficiency is of the same order, the 
conclusions reached are highly improbable. Thus Christiansen- 
Weniger (15) has shown that, for typical field experiments, the 
energy utilized for fixation would require a carbohydrate destruc- 
tion of two to three times the total yield of the plants unless the 
process of fixation is much more efficient than is that of Azoto- 
bacter. He believes that the fixation must occur by an exother- 


TABLE 14 

Energy requirements for the fixation of nitrogen by legumes 
Christiansen-Weniger 


PLANT 

TOTAL DRY WRIGHT 

DIFFBR- 

BNCB 

NITBOGBN 

map 

BNBRGt 
XUQQT7XBHD 
TOR FIXA- 
TION OF 1 
XXLOGRAH 
NITBOOBN 

Without 

nitrogen 

With 

nitrogen 


grams 

grams 

grams 

grams 

kilogram- 

calories 

Bean 

60.746 

66.572 

5.826 


22,800 

Alfalfa 

60.659 

68.487 

7.828 

1.184 

28,884 


mic process and offers experimental evidence in support of this. 
He found that the total dry weights of lupines, beans, and alfalfa 
grown in the presence of sodium nitrate showed only slight in- 
creases over inoculated plants grown in the absence of fixed 
nitrogen. From the small differences obtained, he calculated the 
energy utilized for fixation of the nitrogen on the basis of the 
equivalence of 1 gram dry plant material to 4.0! kg-cal. A typical 
set of results is given in table 14. 

On the basis of these results, Christiansen-Weniger concludes 
that the amount of energy required in the fixation is so small 
that it is probable that this energy is used for the vital activity 
of the bacteria and that the actual fixation of nitrogen is accom- 
plished by an exothermic reaction that yields energy to the 
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bacteria for their cell processes. However, the energy required 
for the fixation is not particularly small, as can be seen from the 
above table. 

Rippel and Poschenrieder (56) take issue with Christiansen- 
Weniger in regard to this proposed autotrophic nature of the 
nodule bacteria. They observed an accumulation of starch in 
nodules while the plant was engaged in carbon assimilation which 
disappeared if the latter process was interfered with, as by trans- 
ferring the plants to the dark. They regarded this accumulation 
of starch in the nodules as a means of supplying the needs of the 
bacteroids in fixing the nitrogen. They pointed out two sources 
of error in Christiansen-Weniger's work: (1) The nitrogen in the 
control was supplied as nitrate, which would require energy for 
reduction; (#) the difference in dry weight at the end of the experi- 
ment between the controls and plants that were inoculated is not 
necessarily a measure of the total carbon that was used in the 
fixation. It has been observed that the assimilation ability of the 
legumes for a given leaf area is twice that of other plants, and 
that if some of the leaves are prevented from assimilating carbon 
dioxide there is a compensatory increase on the part of the other 
leaves. Hence Rippel and Poschenrieder claim that the nodules 
could use a great deal more carbohydrate than was shown by 
Christiansen-Weniger’s results and still have little influence on 
the final dry weight of the plant. Added evidence that carbo- 
hydrate is consumed in the nodules is furnished by the observa- 
tion of Reinau that the "earth respiration" of legumes is much 
higher than that of mustard or of rye. 

Rippel and Poschenrieder believe the hydrogen for the reduc- 
tion of the nitrogen arises from a fermentation process similar to 
that supplying the hydrogen used in the production of alcohol 
by yeast. In this case, for every 180 grams of glucose used, 4 
grams of hydrogen (fermentation) are produced. If this hydro- 
gen were used entirely for reduction of nitrogen to ammonia, then 
a fixation of about 100 mg. per gram of sugar destroyed would 
result, which is of the same order as that fixed by young cultures 
of Azotobacter. 

Burk (11) has made a theoretical study of the various mecha- 
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mams suggested for the fixation of nitrogen by Rhizobium in the 
nodule of legumes and by the free-living forms, e.g., Azotobacter 
and Cl, pastewrianum. He stresses the point of view that the 
actual fixation in the primary compound is the question involved, 
and that subsequent reactions in which this first compound is 
concerned are a part of the nitrogen metabolism and for this 
reason the energy changes involved should be discriminated from 
those of fixation. By an application of thermodynamics to the 
various mechanisms proposed for the fixation, he shows that the 
fixation might take place by the reduction of nitrogen to ammonia, 
by oxidation to nitric acid, or by the formation of simple organic 
compounds and under certain conditions, all these mechanisms 
could yield energy and thus free the organism from the necessity 
of obtaining energy by the oxidation of carbohydrate. The 
sign of —AF of most of the proposed reactions for the mechanism 
is positive, provided the calculations are based on concentrations 
likely to be present in the cell rather than on the standard free 
energy equation. Since a number of these reactions require 
hydrogen, Burk suggests that this gas might be furnished by the, 
small quantity in the atmosphere, 0.01 per cent, or by that arising 
from fermentation of carbohydrate by the cell. In the latter 
case, the energy loss suffered due to the hydrogen being liberated 
and not oxidized cannot be charged to nitrogen fixation since this 
liberation takes place irrespective of the fixation. 

SUMMARY 

The energy liberated in the metabolic processes of bacteria 
may be from two to one hundred times as much as is represented 
by the cells. Part of this is immediately converted into heat 
because of the irreversibility of the processes carried out by the 
organisms. . A portion of the free energy available for work is 
used for cell growth and synthesis. Motion apparently requires 
only a small part of the total available energy. It appears that 
most of the free energy:, (I) is transformed into surface energy; 
(2) performs osmotic work; (S) displaces equilibrium conditions 
within the cell; (4) possibly maintains oxidation-reduction poten- 
tials. Eventually the energy appears as heat. * 
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The heat of reaction (-AH') of fermentations carried out by 
different species of bacteria varies from 5 kg-cal. or less, to over 
50 kg-cal. per mole of carbohydrate fermented. The standard 
free energy ( — A F°) of a number of reactions studied is two to 
three times greater than the heat of reaction. 

The energetics of nitrogen fixation by the aerobic species, 
Azotobacter, indicate that an efficiency of at least 10 per cent is 
reached under optimum conditions of fixation. The anaerobic 
species, Cl. pasteurianium, is equally efficient if energy liberated 
rather than carbohydrate used is taken as a criterion. It is 
probable that the actual fixation takes place exothermically by 
reduction of nitrogen under anaerobic conditions. 

The data on the fixation of nitrogen by the legume bacteria in 
association with the plant suggest that the process is probably 
more efficient than with Azotobacter, and it is possible that the 
actual fixation occurs by an exothermic reaction. 

In conclusion it is apparent that the field of bacterial energetics 
suffers from a lack of precise and adequate data. The results of 
Rubner and Tangl in the investigation of the general problem 
need to be checked by studies in which more modem technique 
is employed. The application of thermochemistry, calorimetry, 
and thermodynamics to a number of specific fermentations should 
yield valuable information for an understanding of these processes. 

The authors wish to thank Prof. Warren Weaver, Prof. F. 
Daniels, Dr. Dean Burk, and Dr. K. K. Kelley for their aid and 
suggestions in various parts of this paper. 
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